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Abstract 
Wind energy, being an indirect form of solar energy would initially seem a 
very promising form of energy. Unfortunately, it suffers from the problem 
of dilution. Wind turbine designers naturally try to compensate for this by 
increasing the size of the rotor to capture more of the kinetic energy of the 
wind. A major constraint in conventional wind turbine design is the reduc-
~ion in rotational speed as the size of the rotor is increased. This means 
expensive gear boxes are unavoidable. The rotor also becomes considerably 
more complicated in design and heavier as the size increases, to mitigate 
working stresses. 
Flow concentrators have been investigated in an attempt to alleviate 
wind turbine design problems, but flow concentrators usually incur the 
expense of high structural weight and size. The Helical Vortex Wind Con-
centrator (HVWC) is a recent addition to the list of flow concentrator types 
and its economic potential is, as yet unknown. 
The principle of the HVWC has been demonstrated in a series of wind 
tunnel tests. The wind tunnel tests involved a direct comparison betwe~n 
the performance of a wind turbine with and without an HVvVC attached. 
During these tests a definite increase in power out was observed when the 
concentrator was attached to the wind turbine. Previous to these successful 
wind tunnel tests, other wind tunnel and field tests had been conducted on 
less successful designs. These other tests were important in the development 
of the current theory and design or the HVWC. Future research will need 
to investigate both physica.l and economic limitations of this type of wind 
concentrator. 
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Chapter 1 
INTRODUCTION 
1.1 Background 
A wind concentrator is a device that causes wind flow to be focused into 
a certain region of space. In this region of concentrated wind flow, a wind 
turbine can operate at a higher power output. This allows the rotor to be 
more compact and adaptable for a wider range of applications. The result 
of this might lead to a possible reduction in cost per unit power installed. 
Considerable interest has been shown in wind concentrators in recent 
years, even though they are not a new concept. (See Savasegarem(1986)). 
To categorize the recent development of modern wind concentrators the 
following headings will be used; 
1. Ducted Augmentation. 
2. Obstruction-Type and Wind Deflection Systems. 
3. Tip-Vane Systems. 
4. Vortex Augmentation. 
5. Vortex Screw Augmentation. 
The final heading is the most recent addition to the different types of wind 
concentrators. All systems are suitable for axial-flow wind rotors. Cross-
flow wind turbines like Darrieus and Savonius rotors cannot be used with 
1 
Vortex Augmentation, Vortex Screw Augmentation and Tip-Vane Systems. 
Savonius rotors are ideally matched to Wind Deflection Systems. 
In the following sections the terms rp, Op and (Op)Grou will be used. rp 
is the ratio of output power of a concentrator wind turbine system to that 
of a conventional wind turbine system based on rotor swept area. (In each 
case the rotor design and size are the same). 01' refers to the ratio of rotor 
power to available free stream kinetic energy per unit time flowing over the 
rotor swept area. The (Op)Grou is similar to Op except it is based on the 
total cross sectional area of the CWT involved in blocking the air flow. 
1.2 Ducted Augmentation 
One of the earliest wind concentrators was used on ancient Persian wind-
mills (see Sivasegarem(1986)), (see figure 1.1). In figure 1.1 the purpose of 
the duct was not only to focus the air flow onto the upper region of the 
rotor causing it to rotate, but to concentrate the air flow in this region at 
the same time. This particular design proved to be very ineffective. In 
recent years improvement on the concept was investigated theoretically by 
Frost et al(1982), (see figure 1.2). This machine was known as the 'Wind 
Wheel Turbine', and gave a 01' of 0.62 based on the air mass flow entering 
the concentrator wind turbine system per second. This was achieved at a 
very low tip speed ratio making it unsuitable for electrical generation. 
Other types of ducted concentrator have been investigated with the 
most effective being the Venturi-Type duct. Ducts with a short converging 
section and a much longer diffuser section have proved to be the most 
effective, (see figure 1.3). Further improvement by use of flaps is shown 
in figure 1.3. Igra(1981) has shown from his research work that maximum 
augmentation can be obtained when the exit pressure p~ is a minimum, 
pressure difference Ep~ - P2) approaches that of the free stream dynamic 
pressure and the ratio of exit to throat cross sectional flow areas Aft/At is 
as large as possible. The values of rp reported from experiments with small 
wind tunnel models indicate rp > 3 with flaps used on the concentrator. 
2 
Wind 
.. 
Section through 
~fJJJJJthe wall of the 
DJ"JJ...W......JJDJJJDJJJDJJJJ"JJ"JJJD~J wind concen tr a tor. 
Figure 1.1 Sectional plan view of an ancient Persian Cross-Flow Turbine. 
Source: Si vasegarem( 1986) 
The gross power coefficient possible for the ducted system based on 
Ae is of the order of 0.83. This was investigated by Dick(1986), which 
indicates a definite improvement over the conventional wind turbine. The 
construction weight can be reduced even more by using compact diffusers. 
This is achieved by using a diffuser with a segmented annulus as shown 
in figure 1.4. The flow through the slots can energize the boundary layer 
to allow greater diffusion in a shorter axial distance. Foreman etal( 1979) 
reported Tp > 4 from experiments with wind tunnel models. 
Foreman(1983) made a rough economic assessment of the concentrator 
by investigating the cost to weight ratio of different design of ducted sys-
tems. His results show that the cost to weight ratio varies inversely with 
the ~ th power of the diameter.l A similar trend is noticed with cost to 
power ratio. This would indicate that large machines are very much more 
economical. The major objections to the size of the device would be in yaw 
and storm protection, which may explain why the idea has not been fully 
realized yet. 
The application of ducted systems to Savonius-Type rotors has led to 
lThis was originally published to the 1/6 th power but had been corrected by the 
author as result of communication with Foreman. 
3 
an improvement in performance at the expense of direction-independent 
operation. In figure 1.5 different duct systems are shown. From the work 
done by various researchers (see Sivasegaram(1986)), the conclusion drawn 
from their experiments with different designs is that the greater the number 
of vanes, the greater the direction-independence of the duct and the lower 
the performance Tp. A compromise to this situation is to use a three or four 
vane system offering a Tp of 1.6 with better direction-independent operation. 
As shown in figure 1.6 an (Tp)mOo:J: of 1.8 can be achieved by using a 
thin walled diffuser system. With further improvements using carefully 
designed deflecting vanes, an (Tp)mOo:J: of little over 2.0 can be achieved. (See 
Sa vasegarem( 1986) ). 
The 'Mushroom Mill' is the last ducted wind turbine system to be cov-
ered in this section. Unlike the systems covered in figure 1.5, the augmentor 
shown in figure 1.7 is omni-directional in operation, with a Vertical Axis 
Wind Turbine working at the centre. An Tp of 2.5 has been reported by 
Bullen et al(1987) for the maximum performance of this machine. 
The main problems associated with all ducted systems are bulkiness 
and poor yaw capability2 , despite that fact that good Tp values have been 
reported. The economic potential is yet to be realized. 
1.3 Obstruction-Type and Wind Deflection 
Systems. 
In such devices the acceleration of wind flow past an obstacle provides 
the basis for an augmenting effect. Values of 2 to 3 for Tp are possi-
ble but are more suitable to slow running cross-wind machines. 3 (See 
Savasegarem(1986)). The result is a very large system and therefore low 
gross Cp , which makes this device uneconomical. (See figure 1.8). 
2The Mushroom Mill has not the problem of poor yaw capability but is still very bulky 
with poor storm protection. 
3Not all cross-wind machines are slow running. (e.g Darrieus, Musgrove H-VAWT and 
V-VAWT have working tip speed ratios between 6-8.) 
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Wind deflection devices have a special application to cross flow ma-
chines, in that they reduce the loss of torque owing to the wind resistance 
on the section of the rotor moving against the wind. (See figure 1.9). It 
also enables the savonius to generate electricity more effectively than be-
fore because of the increase in the rotational speed of the rotor, therefore 
avoiding the need for an expensive gear box. The main advantage of the 
wind deflection system is that its vanes are compact and easy to fabricate 
while the augmentation system is light enough to permit easy adjustment, 
(see Beurskens(1982)). The maximum value of rp for this device was found 
to be 1.8. (See Savasegarem(1986). 
1.4 Tip-Vane System. 
In figure 1.10 shows the arrangement of the Tip Vane Wind Turbine which 
is simply a short auxiliary wing on the rotor blade tips of a conventional 
wind turbine. The tip-vanes effectively act like an aerodynamic venturi 
duct similar in effect to that described in section 1.2. 
Dick( 1986) investigates the performance of this device on the basis of the 
the experimental work done by van Holten(1981) and more advance work 
by Garside et al(1985). Initial test work was conducted on tip-vanes with 
a gauze screen. The screen was mounted at the position where the working 
wind turbine would be, with the tip-vanes mounted around the perimeter 
of the circular screen. When air was blown over the screen, the wake behind 
this would approximate the wake behind a working wind turbine. When the 
screen and tip-vanes were rotated about the polar axis of symmetry of the 
screen, the air flow interaction of the tip vanes and the screen wake would 
simulate the working situation of the tip-vane wind turbine. The results 
from these tests did reveal that a power augmentation effect was possible 
if a real turbine replaced the screens. It was only in later tests with real 
turbines that Garside and van Bussel reported no increase in power. The 
junction between the tip vane and the wind turbine rotor caused extensive 
flow separation preventing the tip vane from working properly. The flow 
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pattern over the tip vane is so complex that researchers may never be able 
to model this problem effectively. 
1.5 Vortex Augmentation. 
Vortex augmentation is unlike other methods of augmentation in that the 
concentration of wind energy takes the form of rotational kinetic energy. 
This rotational energy is provided by vortices shed off the leading edge of 
a Delta wing or from the tips of an ordinary wing, (see figure 1.11 (a)). 
Another method is to use the low pressure region generated inside the eye 
of a vortex created by a suitably designed tower, (see figure 1.11 (b)). 
Results from Loth(1978), Sforza(1977) and Yen(1975) show that good 
concentration ratios can be achieved, but unfortunately large amounts of 
material are needed for these types of concentrator. This pessimistic con-
clusion is supported by the analysis covered by Dick(1986) which compares 
the performance of such concentrators with a conventional wind turbine, 
on the basis of total frontal area. Igra(1979), on the other hand, feels 
that there could be economic potential with Wing Tip Vortex Shedding 
Concentrators if improvements to the turbine were made. (Unfortunately 
vortex-shedding wing concentrators would still have to get over problems 
associated with yaw and storm protection.) 
1.6 Conclusion. 
Several types of concentrator have been surveyed, showing varying degrees 
of success in performance judged by both parameters Tp and gross Cp . Each 
have their merits but for electrical generation there is no wind concentra-
tor to date which can rival the economic benefits of conventional wind tur-
bine design, simply because high performance concentrators like the Ducted 
Augmentor have poor storm survival and yaw capability. Other augmentor 
types used with Cross-Flow turbines may have improved yaw capacity but 
at the expense of construction weight. 
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In chapter 2 an overview is given of a new type of wind concentrator 
which might be able to overcome the performance contraints of augmentors 
men tioned in this chapter. 
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Chapter 2 
OVERVIEW OF VORTEX SCREW 
AUGMENTATION. 
Vortex Screw Augmentation is a method of concentrating the available ki-
netic energy of the air. It involves a Vortex Screw Wind Concentrator 
and Wind Turbine, or what the author refers to as a Concentrator Wind 
Turbine, (CvVT). The Wind Concentrator is an annular disc of stationary, 
radially mounted aerofoil sectioned blades which entrain the wind, through 
the orifice formed by the surrounding blades, onto a wind turbine down-
stream, whose diameter is close to that of the orifice. The vortex shedding 
from the inboard tips of the stationary blades causes the entrainment effect 
to take place. 
The next two sections will describe aspects of the CWT in more detail. 
2.1 Vortex Screw Wind Concentrator. 
In figure 2.1 only the concentrator is shown with one blade wake shown for 
the sake of clarity. 
The balance of energy of a Helical Vortex vVind Concentrator is con-
sidered most conveniently by assuming the concentrator to be stationary 
in a stream of air of velocity V directed along its axis. Considering only 
the blade elements at a distance r from the a."'ds, the power put into the 
concentrator is zero. The drag thrust dT operates on air moving with a.'(ial 
velocity u and does -1.£ ~; units of work in unit time. Similarly the torque 
dTQ operates on air moving with angular velocity ~w and does ~wd~9 units 
of work in unit time. Hence if ~~ is the rate of loss of energy of the system, 
the energy equation becomes 
dQ _ dW k = -1.£ dT + ~w dTQ + dE = 0 
dr dr dr 2 dr dr (2.1) 
since there has been no heat transfer Q or work transfer Wk. (For a more 
thorough investigation of the energy balance for a concentrator system see 
appendix B). Now the rate of energy loss, due to the profile drag of N blade 
elements, each experiencing the resultant velocity s~g J due to the induced 
velocity from the local blade circulation and free stream velocity V, given 
by 
dE 1 3 
-d = -N Cp~ggCa 
r 2 (2.2) 
where CD and c are the local drag coefficient and chord length respectively. 
The energy of the air is represented by its total pressure which is constant 
across the concentrator if CD is small. As the air passes through the con-
centrator disc it reduces in pressure by p by due to an increase in angular 
velocity w without any change in axial and radial components of veloc-
ity. Bernoulli's equation applied in turn to the flow before and behind the 
concentrator gives 
Ho 
Hence p 
1 
- p+ 2"PV2 
m~l + ~pE 1.£2 + v 2) 
_ m~l - P + ~pEu2 + v 2 +w2r2) 
, + 1 ( 2 + 2 2) p~ 2"P 1.£1 WIT I 
-p + ~pw2T2 = 0 
2 
since HI = Ho 
1 
_pw2r2 
2 
(2.3) 
(2.4) 
This effect on the air is due to an energy exchange process between the 
drag thrust and the torque (-udT + ~wdTnF on a volume 27rrudr of air per 
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unit time. Hence 
dT 1 dT Q (' 1 2 2) 
- u- + -w-- = 27rru -p + -PW r = 0 
dr 2 dr 2 
(2.5) 
But the element of drag thrust is clearly equal to the decrease of pressure 
over the annulus, or 
dT , 
dr = 27rrp (2.6) 
and the element of torque is equal to the angular momentum imparted to 
the air in unit time, or 
(2.7) 
These two expressions are consistent with the previous equation for energy, 
since the constant total pressure is due to the exchange between drag thrust 
and torque of blade elements respectively. 
The effect the blades have on the air flow stream over the concentrator 
is not unlike that of an Obstruction-Type Augmentor, (see chapter 1, fig-
ure 1.8 and figure 2.1 of this chapter, and chapter 4, figures 4.15 and 4.27). 
The swirl is responsible for a leaky-obstruction effect, causing some of the 
flow stream in front of the concentrator to separate into two streams, one 
of the streams forms into a venturi shaped stream tube for the core flow 
region, the other creates a bell shaped flow pattern over the outer vortex 
sheet. The axial component of velocity in the annular helical flow region is 
determined by the strength of the outer vortex sheet, while the core flow 
is determined by the nett effect of the strength of inner and outer vortex 
sheets. 
To prove the existence of the venturi shaped stream tube first consider 
the application of Bernoulli's equation along the axis of symmetry before 
and behind the plane of the concentrator to get 
Ho p + ~p"s2 2 
1 (2 2) Pel + 2P "Vel + V 
1 
..l- (V2' 2) pel , 2P cl TV 
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1 
P" + _pV2 e 2 c 
Notice that the core has no rotational flow. This is because the core 
flow has not been subject to any torque reaction from the fixed blades. 
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Figure 2.1 Idealized vortex wake structure of the Helical Vortex Wind 
Concentrator. (Only one blade wake is shown). 
Downstream of the concentrator helical flow is set up In the annular 
region between the inner and outer vortex cylindrical vortex sheets. Now 
to maintain the circular flow about the axis of symmetry there must exist a 
pressure gradient across the annulus such that the pressure drops towards 
the inboard vortex cylindrical sheet. As a corollary to this, the swirl velocity 
increases towards the inboard vortex cylinder to maintain constant total 
pressure across the annulus. Next, applying Bernoulli's equation across the 
inner cylindrical vortex sheet just behind the concentr'ator disc, the static 
18 
pressure must be the same radially either side of the sheet. Therefore at 
r = ri and W = Wi we get 
1 (2 2) 
- Pel + 2" P Vel + V 
, , 1 ( 2 + 2 + 2 2) Pel - P + 2"P 1.1, V Wi ri 
Ho 
and Pel m~l - P 
.. ~~ 1.1,2 + w~r2 1 1 
Finally, applying Bernoulli's equation across the outboard vortex sheet 
the static pressure again is the same either of the sheet for r = ro and 
W = Wo, so that 
H ,,1 (2 2 + 2 2) 
1 - Pel - P + 2"P 1.1, + V woro 
1 
P + 2"PV2 
Now P;l - p P 
:. V 2 u2Hv2Hwgr~ 
If Wiri > woro then 'Vcl > V since the radial velocity V is small in comparison 
to V and the axial velocity 1.1, is virtually constant over the annular region. 
Now the axial velocity will continue to decrease downstream in the annulus 
so that 1.1, > 1.1,1, causing the outboard vortex cylindrical sheet to increase 
in diameter downstream. The axial velocity in the core on the other hand 
will increase so that Ve > 'Vcl, causing the inboard vortex cylindrical sheet 
to decrease in diameter downstream. This is a consequence of the vortex 
coil structure shown in figure 2.1. 
This increase in flow velocity in the core owes its existence to the swirl 
in the annular wake. The result is a stream tube through the core not 
unlike that of a venturi tube. 
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2.2 The advantages of turbulent mixing in 
turbine wakes. 
Figure 2.2 shows a wind turbine which is very small in companson to 
the large mountain. The flow over the ridge is increased by K times the 
freest ream velocity V on its crest. Far behind the mountain the velocity 
returns to the undisturbed value. This type of flow can be considered as a 
diffuser flow. Turbulent mixing will occur over the crest in the wake of the 
turbine causing momentum transfer and a corresponding rise of dynamic 
pressure in the wake. If the mixing length downstream of the wind turbine 
is sufficiently long, the dynamic pressure will be sufficient to allow the wake 
to return to free stream static pressure p, and the wake velocity to return to 
the free stream velocity V on the downstream side of the mountain. What 
this infers is that the power augmentation for the wind turbine will be K3. 
If the mountain is not large enough then the power augmentation will fall 
short of K3. If no mixing with the surrounding air took place in the turbine 
wake beyond the point where the turbine decelerates the airflow to ~hsI 
this velocity would be insufficient to overcome the drag rise on the back of 
the mountain as the static pressure recovers back to ambient pressure. 
Proof of this can be seen from Bernoulli's equation applied to flow over 
the very large mountain 
(2.8) 
Where p~ is the static pressure on the crest of the mountain far upstream 
and downstream of the wind turbine, and p is the ambient pressure at 
ground level. If we apply Bernoulli's equation this time between the up-
stream point at ground level and the upstream point on the crest of the 
mountain we get 
(2.9) 
If now consider the maximum augmentation situation whereby Vjina.l ~ 0 
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Figure 2.2 Viscous effects associated with a wind turbine on a large moun-
tain 
and substituting equation 2.9 into equation 2.8 we will find that K = 
1.06. This would mean that no mass flow increase over the crest would be 
possible. Experience tells that this is in correct. Therefore turbulent mixing 
must take place in the downstream wake. The reader should appreciate that 
that the turbine can only extract energy from the air which flows through 
the turbine disc. What turbulent mixing does in the turbine wake is to allow 
re-energisation of the wake under loading conditions that would otherwise 
cause the wake to come to a complete stand still, which is not possible. 
2.3 The Concentrator Wind Turbine. 
In the last section the importance of turbulent mixing was emphasised. 
How this applies to the CWT is illustrated in figure 2.3, which shows both 
the Vortex Screw Wind Concentrator and the Wind Turbine. The effect 
that the turbine has on the concentrator aerodynamics described above, 
is to extract kinetic energy out of the stream tube of the axial core flow. 
Across the rotor disc the total pressure will be reduced as a result of the 
drop in static pressure. This is as a result of the low pressure forming on 
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the upper surface of the rotor blade aerofoil section along the span as it 
rotates. A rotational motion is also imparted to the rotor slipstream due to 
the reaction of the torque. The rotational motion is usually negligible for 
high tip speed ratio, low solidity rotors. Therefore it is easier to consider 
the rotor acting like an actuator disc with no rotational motion in the 
slipstream of the rotor. 
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Figure 2.3 Concentrator Wind Turbine with hypothetical 'Ejector Mix-
ing'. 
To investigate the CWT closely we apply a Control Volume to the air 
flow over the device. The annular region between radii Ii and h experience 
a free vortex flow with progressively diminishing axial velocity component. 
Outside this region the flow has no rotational component. At some point 
downstream of the concentrator there is an actuator disc positioned in the 
core, representing the wind turbine. The sudden drop in static pressure 
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across the rotor disc instigates an exchange of kinetic energy to pressure 
energy until all available kinetic energy is exhausted in the core. At this 
point downstream of the rotor there will exist a 'Primary Low Pressure 
Reservoir' . 
The interactive combination of the concentrator with the rotor changes 
the wake structure of the concentrator away from that shown in figure 2.1 
to that shown in figure 2.3. The concentrator inner wake acts like a diffuser 
to the rotor wake in that it will increase the mass flow through the rotor 
disc. This in itself cannot increase the energy extracted per unit mass of 
air in the rotor wake. Every kg of air can give up its initial kinetic energy 
and no more as the pressure in the final pressure wake returns to ambient. 
Since both wake flows are not shielded from the external flow by a mate-
rial wall, turbulent mixing will occur in the regions of reduced pressure. 
The external flow around a conventional wind turbine is at ambient pres-
sure, and experience has shown that turbulent mixing between the rotor 
wake and the external flow is ineffective in preventing 'The Turbulent Wake 
State' from occurring with the rotor. Now the wind turbine of the CWT, 
compared with a conventional wind turbine could extract more energy per 
unit mass of flow before encountering The Turbulent Wake State, since the 
secondary flow of air leaching in from the sides of helical wake and into the 
rotor wake would ensure that a minimum value of velocity occurs at the 
entrance to the primary low pressure reservoir, thus postponing the Turbu-
lent Wake State. The Theory of Ejectors by Bevilaqua(1978) indicates that 
better energy transfer between two flow streams is achieved when mixing 
is done at lower than ambient pressure because of lower energy dissipation. 
The existence of the annular and core flows act as the primary jet flow and 
the flow being drawn in from the sides acting as the secondary jet flow of 
the ejector. In van Holten(1982) an attempt to introduce a vortex ring to 
simulate the 'Ejector Effect' has been discussed. Its relevance to the CWT 
is considered in appendix A. 
A Vortex Screw Concentrator, as previously mentioned in section 2.1, 
acts like a leaky obstruction augment or in the shape of annular tube. This 
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is the result of the helical annular flow forming downstream. Now if the 
concentrator blades were so heavily loaded that no air were to flow through 
the annular disc, the fluid stream over the annular disc would divide about 
an imaginary cylindrical surface whose radius is that of the mean radius 
the concentrator so that r = (R + h)/2.1 The result would be as seen in 
figure 2.4, with inviscid flow occuring upstream of the 'Dough Nut' shaped 
Obstruction Augmentor and ideal viscous mixing occuring down stream. 
The rotor would be placed at the throat of the inviscid stream tube in this 
situation.2 If we consider continuity of flow between far upstream and the 
point where the rotor will operate, we get the maximum potential axial 
flow velocity through the core as 
v,=V(R+h)2 
c 2h (2.10) 
This means at the rotor disc the potential power concentrator ratio would 
be 
CF EoL~Hlr (2.11) 
if complete mixing occurs between the rotor wake and the surrounding flow 
at the far wake. Such a concentrator would not work in practice since the 
flow directly behind concentrator would be in a Turbulent Wake State and 
would not offer the advantages of turbulent mixing over sufficiently long 
enough mixing region. Therefore equation 2.11 gives us only an idea of 
what the ideal concentrator could achieve, and therefore serves only as a 
yard stick for performance. 
This thesis covers a theoretical parametric study of the concentrator 
with very limited experimental verification. A parametric study of the 
complete CWT system has not been covered but this is discussed qualita-
tively in chapter 7. The author's method of blade design is currently at a 
lThis is only strictly true for a disc of Rlh near unity. 
2Note that the radius of the rotor I concentrator orifice and the throat of inviscid stream 
tube have all assumed to be equal. 
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rudimentary stage, and future improvements to method are also discussed 
qualitatively in chapter 7. 
---L~ -
.. / 
-
- : . ~ ,\J/ 
----tl:-. J~iyJ~ \ -_~J
-------,,/ .,) ,"""" 
/. 
--- - .". t -- ~ .,. 
.- ~ I -
---__iII_- - --__. ?,. - ;i I :::: 
Wind mixing ~ N JJJ"JTurbine.~~~ -rr'- ' ... ~WW ~r , 
-----.. ---_--_ _ j regIOn 
: ~2%LT=JWJ
---_._- '/ / JJJJ~~JJJ
Turbulent 
I 
I 
--'-
Wind 
Concentra.tor, Where !/J is the symbol 
for a diametrical dimension, 
Figure 2.4 Side view of the ideal CWT with its wake flow. 
25 
Chapter 3 
CONCENTRATOR THEORY. 
3.1 Introduction. 
Early attempts to assess Concentrator Theory have been made by Rosen-
brock(1983), Rechenberg(1984) Hunter et al(1988). In each case none of 
them gave a full assessment. In this section a more complete examination 
is made of the concentrator performance, using firstly a purely analytical 
model and later a numerical model. 
3.2 Blade Element Theory. 
At first sight the application of blade element theory seems the obvious 
approach but in fact this proved to be an inadequate method for deter-
mining vortex wake geometry. Blade element theory was developed on the 
assumption that there would be an infinite number of blades, with the blade 
element wake flows confined to non-interactive helical motion with a small 
swirl velocity. Clearly this is not the case with the concentrator. 
Appendix B gives details of the author's early attempts to design a 
wind tunnel model using blade element theory. It was soon evident from 
the results given in chapter 5, that the correct determination of the helical 
vortex angles and the position of the vortices in space were needed so that 
the increase in the flow velocity at the core could be calculated. (The helical 
vorte."{ angles are shown as {31 and (3'2 in figure 2.1). The trailing vortices 
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coming off each blade element would roll up into two discrete vortices of 
equal and opposite strength. Blade element theory as a method cannot 
determine the angles of the rolled up vortices, since it considers only local 
blade element flow effects. The wake regions are clearly very interdependent 
under such heavily loaded conditions of circulation, and any attempt to use 
blade element theory has proven to be too inaccurate to be of any use. (See 
chapter 5 later). 
3.3 Biot Savart Theory. 
The problems described in section 3.2 indicated the need for a method 
which took into account the interdependent nature of the wake regions. 
Biot-Savart theory, if applied to a free wake scheme, solves this problem. 
In section 3.4 this approach is investigated numerically. 
In this section, an analytical approach will be adopted involving a semi-
prescribed cylindrical wake. The initial problem being the determination 
of angles i31 and i3'J' Figures 3.1 and 3.2 illustrate the method of analysis. 
The flow is assumed to be inviscid and incompressible throughout. Each 
blade with its wake is represented as a horseshoe vortex of rectangular blade 
circulation loading, which is equivalent to the prescribed elliptic loading, 
(the span of each blade is (R - h) long). 
Figure 3.1 represents the fixed concentrator blades as a annular bound 
vortex sheet, while the rolled up discrete trailing vortices are shown as 
cylindrical 'Iortex sheets of radii hand R respectively. By considering 
points P1 and P2 at radial distance r just ahead of and just behind the 
disc, the symmetry of the bound vortex sheet will induce no axial velocity 
at these points. Therefore the axial velocity u through the disc remains the 
same. Now if the bound vortex sheet induces an angular velocity - ~ at 
PI, by symmetry it must induce an angular velocity ~ at P2. Therefore the 
total induced angular velocity can be written as t VT - ~ at P1 and ~ VT + ~ 
at P2 . But P! is in the irrotational flow field and therefore t VT - ~ = O. 
This means that the total angular velocity induced at P2 by both bound 
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and trailing vortices is vT = 2yL~. This value of VT will remain constant 
downstream for a constant radial distance r. 
Now from figure 3.2 it is assumed that ;31 = /32 = /3. The annular vortex 
sheet can be simplified into two parallel vortex strips of infinite length 
reflected about the XY plane. For trailing vor"ices, only the cylindrical 
component is considered. This is finally simplified into two semi-infinite 
sheets reneded about the XY plane. The strength of each of the vortex 
sheets is derived from the following relationships 
tan,B 
-
'Y -
so that 'V 
-, 
, 
-
so that 'Y -
and ," -
VT 
u 
d(fsinB)/dl:::::: fsin/3/(27rhcos/3/N) 
Nftan{3/(27rh), 
df/di::: Nf/(27r((R -+- h)/2)) 
Nf /(7r(R + h)), 
Nf cos (3/(2/rh). 
(3.l) 
(3.2) 
(3.3) 
(3.4 ) 
The outer yortex sheet strength is ,h/ R. since a constant helical vortex 
angle ;3 is assumed for both cylindrical vortex sheets down the wake. 
From previous reasoning, the tangential velocity distribution across the 
annular area of the wake is the same at any a.'<:ial position downstream 
of the blades. For far wake conditions at P3 (see figure 3.1), we get the 
tangential induced velocity from Biot Savart theory as 
V
T 
= (21r{ r"h cos( B + (1) 
Jo 27rrl 
_ (,"h/ R)R cos( e + 0.) }de 
27rr2 
(3.5 ) 
Now from figure 3.1 we see that 
I, . 
rl = V /7,2 -+- r2 - 2hr cos 8 
,--------
T2 = ./ R2 -+- r). - 2}~r cos 9 
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Figure 3.1 Concentrator with semi-prescribed cylindrical wake. 
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Using the above equations to solve equation 3.5 we get the following 
results (see appendix C for derivations) 
-v"h VT = -'- for h<r<R 
r 
~LDh 
for VT = -'-2r r=n and r=R 
vT = 0 for O<r<h 
and r>R (3.6) 
(It can also be shown from Biot Savart theory that the radial induced 
'felocity is zero.) 
Equation 3.6 is the equation for free vortex flow between h < r < it if "'(" 
is constant downstream for both vortex cylindrical sheets. We also notice 
that the core flow is irrotational. This would seem a reasonable result, since 
the flow through the core does not experience any angular momentum from 
blades or any other device. (The experimental results in chapter 5, based 
on the test work done at Queen Mary College by the author, confirm this 
concl us ion ). 
Now figure 3.2 is a simplification of figure 3.1. If we first consider the 
induced velocity at P2 from both infinitely long strips, which are of equal 
and opposite strength i, the total induced velocity will be iF:. Points A 
and B are at separate points on each strip. The position vector connecting 
points A to m~ is expressed as rAP:. Similarly for points B to P2 we have 
TsP:, Also at each point A and B, the unit normals are the same and equal 
to n over an elemental surface area of dS. Considering the situation at P2 
in figure 3.2 and applying Biot Savart theory we get the following 
.2.. J' (n"-f),,rAP: dS..:... .2.. J' (it,,( ---r))"F'aPJ dS 
41T" IrAP: 13 ' 41T" lrap: i3 
~f r~ fA [iy - j( x - X)]dX dZ 
41T" Loo if.. [(z - Z)2 + (x - X)2 + y2N~ 
-:/ J'oc j-R [iy - j( x - X)]dX dZ 
-411" -:>0 -h. xEzJZF2HEu_uF2~y2]~ 
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If we solve the above integral we find that the Y component is zero, 
while the X component, V:, is given by 
(3.7) 
(For derivations see appendix D). Now the induced velocity also at P2 (xyz) 
from the semi-infinite sheets shown in figure 3.2 is again derived from Biot 
Savart theory. The total elemental induced velocity at P2 shown in figure 3.2 
will be ds~ = L dV1 + L dV2 • Where IdV;1 equals J..!!1L2 d from the inner vortex 1frl ( h/R)d - ti. sheet and - -r 2 • 11 from the outer vortex sheet. Also IdV2 1 equals ;& 1frl .1fr, 
from the reflected inner vortex sheet and _EJr~L~FdNl from the reflected outer 
'lI'r, 
vortex sheet. 
Now consider only the Y component of induced velocity dY: and inte-
grating we get 
Vy = r:o ("Y sin 91 _ "Yh/ R s~n 81 ) dy 
Jo 27rrl 27rr1 
_ 100 ("Y sin 82 _ "Y hi R s,in 82 ) dy 
Jo 27rr2 27rr2 , 
= 2: { 7r - tan -1 (z ~ h) + tan -1 (z : h) } 
_ "Yh, {7r _ tan-1 ( ~F + tan- 1 (-Y-,)} 
27rR z - R z + R 
for Izl < h (3.8) 
= l{_ tan-1 E~F + tan-1 E~F} 
27r Z - h z + h 
_ "Yh, {7r _ tan-1 ( ~F + tan-1(-Y-,)} 
27rR z - R z + R 
for h < Izl < R (3.9) 
(For derivations see appendix E). The reason for not including in the 
above the influence of the axial component of vorticity of the helical trailing 
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vortices is to simplify the analysis using the relationship between VT and '\.'t. 
The induced velocity from the bound vortices will be equal to the contri-
bution from the axial component of vorticity of the helical trailing vortices 
at the concentrator disc face. The contribution would steadily increase to 
twice this value at far wake conditions, hence maintaining the constancy of 
VT downstream of the concentrator at a constant radial distance r for cylin-
drical wake conditions. Therefore, from previous reasoning, it is reasonable 
to assume for values of R/ h near unity that 
and u. = V + Vy 
(3.10) 
(3.11) 
Equations 3.10 and 3.11 now enable a relatively simple analysis to be 
conducted. By applying the results of equations 3.1 to 3.3, 3.7 and 3.9 for 
y = e and z = h, where e is a very small positive value, we get the following 
Nr/v 
tan{3 = 27r(R + h)(1 _ kr~~AaniPF (3.12) 
which can be solved to give 
a _ -1 (1 -V1 - (Nr /V)'J /(27r l R(R + h))) 
f.J - tan , (Nr /V)/(27r R) (3.13) 
(The positive root has been discarded because /3 must be zero at zero blade 
loading). 
The angle has been calculated from the induced flow just behind the 
concentrator disc rather than at infinity because of the fact that the induced 
axial flow gradually increases to its far wake value along the wake. In reality 
it means that "(, l' and "(" would be a function of y making the analysis 
considerably more complicated. Therefore the most pessimistic value of /3 
has been taken. (It must be remembered that the analytical model is a very 
approximate representation of the principle of wind concentration). Now 
from equation 3.8 we have the expression for the increase in axial velocity 
through the core for I z I < hand y -- 00 of the form 
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(3.14) 
Therefore the velocity through the core becomes 
(3.15) 
By substituting equations 3.2 and 3.13 in to equation 3.15 and dividing by 
V we get 
Vc (")(  = 1 + R/ h - 1 1 - (Nr/V)2 ) 1 - 27r2R(R + h) (3.16) 
Now consider the axial flow far downstream of the concentrator blades. 
For h < Izl < Rand y ---. 00 we get from equation 3.9 
VlI = -'""th/ R (3.17) 
If Ul = V + VlI then applying equation 3.13 and 3.17 to this expression we 
get 
(3.18) 
Equation 3.18 would imply that, for inviscid theory to be valid, the model 
with a semi-infinite wake requires 
Above this value the wake cannot be infinite in length, indicating wake 
truncation; otherwise Ul will become complex/imaginary which is impossi-
ble. (Note same applies to {3 and Vc). 
If we define the concentration ratio CR as the kinetic energy of concen-
trated flow captured per unit time far inside the inner cylindrical vortex 
sheet of a radius h to the kinetic energy of unconcentrated free stream flow 
available per unit time, we get 
(3.19) 
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Therefore the potential power that could be extracted from the core can be 
interpreted as 
(3.20) 
When a wind turbine is placed in the way of the flow, there will obvi-
ously be a wake interaction between the wind turbine wake and concentrator 
wakes. The effect of this on Vc will possibly lead to a reduction in power 
Pa.. (It is because of this fact that the performance factor r? will always 
be less than CR). Now from Rosenbrock( 1983) the upper limit of the Con-
centration Ratio C R = (R/ h)2. This is in line with Betz Theory since a 
concentrator and wind turbine would ideally be equivalent to a larger wind 
turbine of radius R. In the previous chapter the author compared the con-
centrator to a leaky Obstruction Augmentor. To exceed the Betz Limit it 
has been shown from the analytical theory above that wake downstream of 
the concentrator will need to become truncated. In the limit there would 
be no vortex wake with no velocity through the blades due to very high 
loading. This impossible concentrator would have a theoretical CR as previ-
ously stated in equation 2.11. Therefore if a limited truncated vortex wake 
is possible downstream of the concentrator with effective viscous mixing in 
the far wake, the maximum C R possible for the CWT could be between 
( R)2 (R/hTl\5 h < CR < 2 ) 
Expressing this in terms of gross CR based on the swept frontal area 
whose radius is equal to R we then get for the above inequality as follows 
() (h/R\2(R/hT1)6 1 < C R Grou < ) 2 
3.4 Numerical Wake lVlodelling. 
The method by which wake modelling can be achieved IS called 'vVake 
Relaxation' . 
Figure 3.3 highlights the approach involved. An elliptic loading is speci-
fied for each blade which is simplified into an equivalent rectangular loading. 
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(The core radius of each vortex filament is one percent of the concentrator 
span to avoid spurious induced velocity effects ). The wake of one blade is 
considered with the effect of other blade wakes. The other blade wakes are 
represented by transferring the current blade wake geometry of one blade 
about the Y axis, by a particular angle equivalent to the angular position 
of each blade, relative to the one blade and wake considered. (This is indi-
cated as "p in figure 3.3). The procedure for wake relaxation is illustrated 
in figure 3.3 and is as follows; 
1. Induced velocities are calculated at mid-points Bland B2 from all 
the elements in the wake. 
2. The wake is then adjusted at each node CI and C2 with the adjust-
ment vectors E(I) and E(2). (Note the number in brackets refers to 
column number and not the iteration number). 
3. This is repeated across each row of nodes from E to I say, using the 
same adjustment vectors. 
4. Now new induced velocities are calculated for the next row of mid 
points DI and D2 and steps 2 to 3 are repeated except new wake 
adjustment vectors will ripple down from nodes E1 and E2 to II and 
12. 
5. Step 4 will be repeated for new starting mid points FI and F2 up to 
HI and H2 say. 
6. Repeat steps 1 to 5 until convergence has occurred. 
7. Increase the number of elements which can be relaxed beyond nodes 
II and 12 each by one element length with the semi-infinite filaments 
attached now at nodes K1 and K2, and repeat steps 1 to 6 until the 
required length of relaxed wake has been met. 
The above procedure is based on that given by Hunt(1981) Step 
6 usually involves no special process for a convergence test if the wake 
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Figure 3.3 Wake Rela.'(ation Method 
converges q'ladratically. For the kind ,)f wake relaxation work involved with 
a heavily lo~ded wake structure a much better method must be employed, 
since near the solution convergence is very slow. The OU Course Team 
no.M371( 1988) describe a method called' Aitken Acceleration' and offers a 
way of accelerating the iterative scheme since even if it does converge, the 
convergence is, in general, only linear. This means that close to a root say 
e:, we have i'or the n + ith iteration ,)f the .\ component of a node in the 
vortex wah structure 
therefore convergence will be very slow if Ig'( c)1 is only just less than one. 
To accelerate to the root the following method is used; 
If Xo is the starting value of the iterative scheme for only one node then 
(a) Calculate Xl = g(x,.,), (ie do steps 1 to .5), and set n=2. 
(b) Calculnte x" = g(x,,_I)' 
(c) Calculate the X component of the adjustment vector for the node and 
divide this by the previous value which will give you some value A. 
(d) Increase n by 1 and repeat steps (b) and (c) until successive values of 
/\ seem to be settling down to some approximately constant value. 
(e) Calculate the new X component for the node 
where ~...I I J=~.I - c~_f 
(f) ReplaCt x" by Xn"tu and repeat fr' 1m stf'p( b) until the required accuracy 
is reached. 
The ab·ve procetiurt-' is a.ls,' applied t" t.he o)thpr components Y a.nd 
Z for the individual node. The prtlcess is then repeated for every X,Y,Z 
coordinates of all the nudes throughout t.he wake t\) ensure proper con-
vergence is met. The final result of this method is a three dimensional 
wake develcped from the influence of the axial free stream velocity and the 
interdependence of all trailing vortex elements in the wake. 
To design the concentrator blades involves previous knowledge of the 
characteristics of the chosen aerofoil for single blade 2D flow and what 
maximum value of C L should be tolerated along the span to avoid stall. 
By using the approximate fluid model shown in figure 3.4 the following 
relationships are used to determine the value of the chord length c for the 
rectangular blade plan form and the local blade twist; 
e 
t -l( IVzl ) 
an 1("-: + Vy)1 
2r cos cp 
I(V + If.,)lc 
1>+a 
The pror:edure to find e and c is as follows 
(A) Calcuh.te Vy , Vz and 1>. 
(B) Assume a value for c. 
(3.21) 
(3.22) 
(3.23) 
(3.24) 
(C) Calcuhte CL and if its value is too small return to (B) and consider 
a largD~r value of c. If not continue. 
(D) Find the value of 0: from the aemfoil characteristic, (ie C L vs 0: graph.) 
(E) Calcubte e. 
Note that equation :3.2:3 IS all applicati''il .)f the Kutta-.!oukuwski theo-
rem to the \)lade element 
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Figure 3.4 Concentrator blade design method on a blade element. 
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Chapter 4 
DESIGN AND TEST VVORK. 
4.1 Introduction. 
This section covers all the design and test work done by the author on the 
CWT. The results of these tests are given in chapter 5. 
4.2 Wind tunnel test work at Queen Mary 
and Westfield College. 
4.2.1 Design Work. 
The :-esearch work on the CWT started in the summer of 1988. At that time 
the author was using blade element theory to design a wind tunnel model. 
The model had to fit into the exhaust airflow of the open jet wind tunnel 
at queen Mary and Westfield College (QMvV) in London. A wind tunnel 
wake scan had to be performed initially to check out flow abnormalities, 
and to decide where to put the model concentrator in relation to the wind 
tunnel. Figure 4.1 shows the distribution of tunnel air flow at different 
axial positions downstream of the wind tunnel exhaust jet tube Yt, with no 
model present. 
Figure 4.2 giyes the details of the optimum arrangement for the concen-
trator model in relation to the wind tunnel as a result of the wind tunnel 
wake scans. The model outer rim suffered a par:ial lack of air flow, which 
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III turn affected the outer tip vortex development. Fortunately this did 
not affect the inboard flow air significantly if the concentrator was at the 
position of 0.2m downstream of the jet tube shown in figure 4.2. A three 
tube Total Pressure Probe was used to find air flow speed and direction by 
a diametrical traverse of the probe across the open jet flow. At different 
positions downstream of the concentrator, y I h, results were ~aken for each 
traverse. During the traverse the probe was rotated through 90° to mea-
sure airflow velocity in both Z and X directions. (The same instrument 
was llsed earlier to do the tunnel velocity plot). Appendix F covers details 
of calibration methodology for the Total Pressure Probe. 
4.2.2 Manufacture of a Wind Concentrator for test 
work at QMW. 
In figure 4.3 shows details of an early design of CWT which did not progress 
beyond the wind tunnel model stage, and was later tested at qMW with 
the wind tunnel arrangement indicated in figure 4.2. Figures 4.4, 4.5 and 
4.6 show aspects of its manufacture. The mild steel blades were twisted at 
certain positions along the span relative to the mid-span section. Special 
vice jaws were made to hold the blade in a vice without destroying the 
blade section. The manufacturing tolerances were found to be within ±2°. 
Any kinks on the blades were removed with a soft hammer and an an viI. 
Figures 4.5 and 4.6 also show how the blades were attached to the outer 
and inner structural rings. (All of the material used throughout was mild 
steel). The finished concentrator was finally was mounted on a 'Dexion' 
frame in the Open Jet exhaust flow as shown in figure 4.5 
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Figure 4.4 Equipment to produce steel concentrator blades. 
Figure 4.5 Mounting arrangement at outer concentrator structural ring. 
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Figure 4 .6 Mounting arrangement at inner concentrator structural ring . 
4 .3 Design and test work for CWT field test 
machine. 
4.3.1 Design Work. 
The results from test work done at QMW on the initial model were not very 
encouraging. It was initially thought that model scale effects were to blame 
fo r the poor agreement between theory and experiment. Therefore plans 
to build a larger machine were initially considered. From figure 4.3 it can 
be can be seen from the size of machine required that it would have been 
a major undertaking to build such a machine. It was because of this, the 
author decided to investigate a different approach to concentrator design, 
using Biot Savart Theory. (This is covered in chapter 3, sections 3.3 and 
3'-±). This new approach later proved much more successful at predicting 
concentrator performance, (see chapter 5, table S.l ). 
A desire or a smaller more compact design of CWT .or the field tests, 
made the author conduct a parametric study on different designs to find 
the optimum design of concentrator. The meaning or the wora 'Optimum' 
is different from that for a wind turbine or propeller. The optimum de-
sign, for a given Concentrator Ratio CR, is the design that minimizes the 
construction volume. Fabrication costs have not been considered in this 
project since it was not the aim of the research work to do a full economic 
study at this stage. 
The results of the concentrator parametric design study using the nu-
merical Biot Savart model are given in figures 4.9,4.11 and 4.13. Figure 4.8 
gives the results from the analytical Biot Savart model, and these compare 
well with the results shown in figure 4.9. This was done so that an initial 
check could be made on the numerical model. Designs above the 'Betz 
Limit line') as mentioned in chapter 3, indicate that only a truncated vor-
tex wake is possible. Prediction of the viscous mixing processes that could 
be involved in the far wake is beyond the capability of the the inviscid 
model. Therefore it had to be assumed that any far wake affects would 
have little influence on near wake conditions. What was lacking from this 
study, was an idea of the construction volume required for a given aero-
foil section for the concentrator blades. How thin the concentrator blades 
could be was a matter only settled by stress analysis. In figure 4.7 shows 
the kind of blade section used for the concentrator which was a Go417 A. 
The lift forces acting over the blade span would bend and possibly buckle 
a particular blade section at high loading. The aerodynamic design of the 
blades required that they would be highly twisted along the blade span. 
An investigation of the minimum bending stress to cause local blade sec· 
tion buckling, would have involved a study beyond the scope of the current 
research programme. Therefore, as an initial guide to the study of the least 
material concentrator, the blade thickness would be no greater than that 
specified aerodynamically. The construction volume of each particular con-
centrator design is calculated from the formula for total blade volume. The 
following relationships are typical for the section involved: 
Cross sectional area of wing = Blade camber length x thickness 
= 1.014 x chordlength x thickness 
If thickness= t and chord length= c it is found empirically that t = 
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O.0338c. Now for a concentrator of ratio Rjh, the blade span will be (R-h). 
Therefore the construction volume ( will be 
( = O.03424c2 N(R - h) (4.1 ) 
Once ( is known, the parametric study for different concentrator de-
signs can be conducted again, except that now CR will be divided by (. 
Figures 4.10, 4.12 and 4.14 show sample results. These figures show, for a 
particular Rj hand C R, that the volume ( of construction material for the 
blades reduces as Nr/(V(R - h)) involved in the design increases. This 
shows that for a fixed ratio R/ h, as the strength of the annular vortex 
sheet representing the blades increases, the 'rolume of construction mate-
rial increases, but not as fast as CR. From a structural stand-point, it is 
desirable to keep Rj h as low as possible since a compact design has the 
advantage of reducing the possibility of fatigue when exposed to unsteady 
loads. Unfortunately, as the number of blades rises cascade flow problems 
become more complex due to the thickness of the blades, and manufac-
turing labour costs increase. Therefore the author conducted this design 
study more from the point of view of increasing experience in what can or 
cannot be built. (Later in chapter 5 the author highlights major lessons 
learnt from aerodynamic problems caused by poor blade design.) 
A design based on a low ratio R/ h and a high number of blades N was 
finally considered. What has been described above influenced the author 
in his decision to design a concentrator with 54 blades, with Rj h = 1.6 and 
with r j(V(R - h)) = 0.314. The author wanted a machine which would 
give a significant Vep of about 2 and have a low construction volume with 
reasonable blade spacing. A.n other reason for choosing this design is that 
the Betz Limit, based on a frontal swept area whose radius is that of the 
outside radius of the concentrator, could be exceeded if an 'Ejector Effect' 
exists in the far wake when a wind turbine is working in the core flow. This 
is discussed in more detail in chapter 2, section 2.3 and appendix A. 
It will be noticed in figure 4.7 that the aerofoil section used only had 
a maximum C£ of approximately unity, but chat the data on this aerofoil 
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Figure 4.7 Go417A aerofoil section for the concentrator blade. 
Source: Miley( 1982). 
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offered more reliable information at lower Reynolds Numbers compared 
to other aerofoils. This was calculated applying the blade design method 
given in section 3.4. From this design study, an aspect ratio of near unity 
was found. (Since a lifting line is used, it is not clear that the lifting 
line assumption is still valid in this situation.) On the strength of these 
results a new design for the full size CWT was conceived, and is shown 
in figure 4.16. The 'structural Ring' shown in figure 4.16 would effectively 
move the outer tip vortex to the ring itself, but this still would not improve 
the low aspect ratio. There was also a loss of effective aerofoil camber due 
to significant flow curvature across the concentrator. Lifting line modelling 
cannot determine this properly since the blade is represented as a discreet 
vortex. Lifting Surface modelling should be used, but lack of time prevented 
the author from making a complete theoretical investigation and the above 
assumptions had to be made. 
Figure 4.16 shows a standard WG910 wind turbine. The most important 
design question during this early design stage was what power output would 
be possible from the CWT system? To be able to answer such a question 
sufficient knowledge of the generator and rotor characteristics is needed. 
Figures 4.17 and 4.18 show details of the generator performance charac-
teristics and rotor design, supplied by Marlec Engineering Ltd. The rotor 
aerodynamic performance is shown in figure 4.19, calculated using Strip 
Theory with an assumed rotor blade element aerofoil section of G6579. 
There are also curves for the generator power characteristics normalized 
with the kinetic energy of flow for the rotor swept area, calculated as fol-
lows: 
Consider the definitions for Normalized Generator Powerout Coefficient 
C PGOUT , Normalized Generator Power Absorbed Coefficient C PGI.V and gen-
erator efficiency TJGEN 
PCOUT 
TJGEN - FCIN 
PGOUT - aD + b 
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( 4.2) 
( 4.3) 
CPaOUT 
PGOUT (4.4) 
- ~pTfrN V 3 
CPaIN 
PGIN ( 4.5) = ~pTfr~ V 3 
In equation 4.3 a and b are constants since most electrical generators 
have approximately a linear relationship between power generated and ro-
tational speed. From the results shown in figure 4.17 the values of these 
constants are a = 2.368 and b = -95.08 for the WG910 generator. Now 
the tip speed ratio is T, = f2rR/V so that we can rewrite equations 4.4 and 
4.5 for a known rotor radius of rR = 0.455m as 
( T, \ 239 CPOOUT = 13.1 ,V2) - V3' (4.6 ) 
where V is the free stream velocity in m/s. Finally if we consider equa-
tions 4.2, 4.5 and 4.6 we get 
(4.7) 
We can see from equation 4.6 that the expression is linear in T, for a 
particular wind speed. Therefore a change in wind speed causes a change 
in the slope and intercept as in figure 4.19 for different values of velocity 
concentration factor VCF . The rotor characteristic on the other hand is only 
slight dependent on V due to Reynolds Number effects. As for CPaIN' it is 
non-linear for a particular wind speed owing to the variation in TfGEN with 
the rotational speed of the generator as shown in figure 4.17. It is this curve 
which determines the operating point on the rotor characteristic where the 
generator absorbs power equals the rotor input power for a particular wind 
speed. Vertically below the operating point the operating point is another 
point which is on the curve of CPaouT' This is what the generator will 
provide in terms of electrical power output divided by the kinetic power of 
the far upstream flow over the rotor swept area. 
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Figure 4 .16 CWT structural and instrumentation arrangement . 
All dimensions in metres . 
Not drawn to scale . 
All up weight excluding the tower: l OOkg . 
DESIGN PARAMETERS 
r /(V (R - h))=O.314 
N = 54 
R / h = 1. 6 
Aerofoil section is Go417A. Blades twisted with constant 
chord length. 
Concentrator Glass fibre and expanded polyurethane 
foam filling. 
Structural bars HE 30-TF duralumin (38mm I O.D, qJ 
4.76mm thick ). 
Connecting Machined aluminium blocks. 
blocks for structural 
bars 
Counter weight Mild steel. 
I Bearing housing Mild steel. 
Sail fin Kevlar 
Table 4.1 lVlaterials list for the wind concentrator. 
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Figure 4.17 WG910 Generator performance characteristics. 
Source: Marlec Engineering Ltd. 
4.3.2 lVlanufacture of the CWT. 
Manufacture of the wind concentrator shown in figure 4.16 involved fifty 
four blades which were made out of glass fibre with polyurethane foam 
filling. Figure 4.20 shows the glass fibre 'Female' moulds that had been 
previously made in order to produce the blades. (The Female mould itself 
had been produced from a plastic 'Male' mould which in turn had been 
previously produced from a clay Female mould.) The surfaces of the Female 
mould were first polished to allow easy mould release and later coated with 
resin. Glass fibre matt "Nas finally pressed on to the wet resin and all 
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Figure 4.19 WG910 rotor performance characteristic for V = 9.8m/s. 
three sides of the mould were then bolted together. At this point chemical 
constituents needed to produce the polyurethane foam were poured into 
the inner cavity of the Female mould. The foam quickly formed inside 
and created the necessary internal pressure to properly impregnate the 
glass fibre with resin to achieve full strength. Once the glass fibre and 
polyurethane foam had set, the Female mould was unbolted and carefully 
released from the finished blade so that it could be used again. In figure 4.21 
shows the finished article. The surface quality was very good except a few 
holes which were filled with a plastic compound. 
The final operation involved joining all the blades together. A wooden 
jig had to be built to hold each blade in place so that a glass fibre 'Lay Up' 
60 
5 
of glass fibre cloth, rope and resin could be built onto the outboard part of 
the blade. This formed the outer structural ring of the concentrator. The 
blade pitch and spacing were very crucial to the concentrator design and 
were achieved to within a reasonable level of accuracy of ±2° and difference 
of chord/spacing ratio of ±4%. The blade elements radially beyond the mid-
span were unfortunately not as specified because each blade had to blend 
into the outer structural ring. This was mainly for structural reasons. The 
weight of the concentrator at this point was 30kg. This was mainly due to 
the inefficient use of glass fibre, but since this was only a prototype testing 
out the principle of wind concentration, the author was not too worried 
aoout weaknesses in the design at this stage in CWT development. 
The tubular space frame structure shown in figure 4.16 was made of 
duralumin with steel guy wires attached at several node points to support 
the structure. The tubes themselves were fixed together with aluminium 
connecting blocks. The blocks gripped tubes by a clamping action which 
prevent the tubes from being drilled and bolted. (A bolted joint would 
have been more susceptible to corrosion fatigue). 
A counter weight was needed to balance the structure so that the yaw 
bearing could run smoothly and therefore allow the structure to yaw prop-
erly. The sail vane shown in figures 4.16, 4.24 and 4.25 was made of 'Kevlar' 
:or lightness. The sail vane proved to be very responsive to yaw in the field 
which helped to provide the necessary test conditions for the CWT. The 
sail vane was placed below the wake of the wind concentrator to avoid in-
terference with its wake swirl. The positioning of the turbine in relation to 
concentrator had been previously considered theoretically from numerical 
wake modelling of the wind concentrator. Figure 4.15 indicates that one 
internal diameter downstream would be sufficient to realize the max:imum 
kinetic energy available in the core. The mounting of the turbine down-
stream in the concentrator wake was achieved with a duralumin tubular 
st.ucture of smaller diameter to avoid wake disturbance in the swirl flow of 
the concentrator. To fair this structure properly would have involved the 
use of plasticine applied to the structure, and a wind tunnel to blow air over 
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Figure 4.20 Glass fibre mould arrangement to produce concentrator 
blades. 
Figure 4.21 Paper cones with cotton line and cotton tufts attached to a 
specimen concentrator blade. 
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Figure 4.22 Test arrangements at Goldstein Aeronautical Engineering Re-
search Laboratory 
it to find the correct shape by trail and error. Chalk and water would have 
had to been painted over the surface before each test to help detect any 
boundary layer separation during the wind tunnel tests. Unfortunately this 
would have taken too long to achieve, therefore it had to be assumed that 
such a flow interference would not be too detrimental to the concentrator's 
performance. 
Diametrical compressive loads on the concentrator structural ring were 
understood to exist due to the arrangement of the steel guys. After the 
manufacture of the concentrator the compressive loads were applied to the 
concentrator to see if the structure or the concentrator could sustain this 
loading. Fortunately the concentrator was well over designed and no prob-
lems were encountered. 
The yaw bearing housing shown in figures 4.16 and 4.23 was made or 
steel and had a construction weight or 30kg. The construction weight could 
have been reduced considerably by using suitable aluminium alloy mate-
rial for the housing, but since this was a prototype design the author was 
content to accept the weight. The size of the yaw shaft had to be large 
to sustain the large pitching moments. In future designs it is hoped that 
the yaw bearing can be mounted along the concentrator axis or symmetry. 
This would reduce the size and weight considerably. Future research work 
should investigate to what level of upstream frontal blockage can be toler-
ated before the performance of the concentrator significantly deteriorates. 
4.3.3 CWT test work at Gretton. 
Field test work started in early June 1990 and finished by the end of August 
1990. The winds during this time fortunately gave a wide enough range to 
make the tests worth while. (0 to 15m/s). 
Figures 4.16, 4.24 and figure 4.25 show the design of the test rig. It 
consisted of a concentrator and wind turbine with instrumentation. A 
separate control wind turbine was also used for comparative purposes. Two 
types of test were tried out one involving just the concentrator using three 
anemometers recording wind velocity, (shown in figure 4.24), and the other 
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involving the concentrator, wind turbine and the control wind turbine, 
(see figure 4.25). The second test only used the far up and downstream 
anemometers V1 and V3 and the power from the turbine PI was compared 
with that from the control wind turbine P2 near to the CWT rig. The hub 
height of the CWT rotor above the ground was 8.S8m while that of the 
control turbine was 6.SSm above the ground. The reason for this difference 
in heights was that the CWT test rig continued to have major designs 
changes near to the time when tests were to be done. Therefore there was 
no time left in which to rectify the situation. Fortunately the tests were 
set up to detect very large differences in power generation, ie of the order 
of 700% for an expected 100% difference in air flow rate at the CWT rotor, 
compared to that at the hub height of the control wind turbine. Now the 
wind shear profile was unknown but if the most pessimistic profile of a 
0.18 power law is assumed this would have only meant a 4.7% difference in 
flow rate producing a corresponding 13.4% difference in generated power 
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between the CWT and the control turbine. Therefore the mistake of not 
having the CWT and control turbine at the same height should not have 
had a serious effect on the validity of the experiment. 
The two machines involved were both WG910 wind turbines, each with 
similar power characteristics with less than 1 % difference between both 
generators. (These generators were tested comparatively in the laboratory). 
Power was calculated from the measured rotational speed of the generator 
by using the power characteristic shown in figure 4.17. (Rotational speed 
was easily found by counting electronically the generated voltage pulses per 
second, (ie four voltage pulses per revolution for the eight pole generator)). 
The two main test areas involved first a series of fast monitoring runs 
each at a rate of ten readings a second over ten minutes, and the second 
test involving long term logging of one minute averages over several days. 
The first method was designed to investigate the quality of the data. 
Measuring the velocity at three points with only the concentrator and later 
measuring the power output from the CWT and from the separate wind 
turbine, enabled time series analysis to be done on the data. The ratio 
of standard deviation and the mean of the signal gives an idea of how 
steady the output is. As a back up to this, a graph of spectral density 
function times frequency against the natural logarithm of frequency have 
been plotted, (see figures 5.2 to 5.l1, chapter 5). The frequency range 
represents 0 to the Nyquist frequency which was 5 Hz a.nd expressed in 
units of wOP' All data has been mean and trend corrected. (Greater details 
of data logging for the field test are given in appendix G). 
The area under these graphs equals the variance of the signal which is 
expressed mathematically in the equations below 
(j2 = fooo S ( wp )dwp 
Or 0'2 = foOOwpS(w'P)d(ln(w'P)) 
(4.8) 
( 4.9) 
This enables the reader to see at what frequency range the variance is 
generated. Different wind speed ranges were considered for the ten minute 
runs. ( < 7m/s for slow and between 7m/s and 15m/s high). 
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The second method of tests involved long term runs over several weeks. 
Each reading was logged at one minute average. The reason for the one 
minute average was to avoid time varying mean values and to obtain suf-
ficient number of samples within the limited period of two weeks that was 
available. On the recommendation of Stacey et al( 1984), logging data at one 
minute average will reliable mean values. After collecting this data, Linear 
Regression Analysis was performed to assess the velocity and power gains 
due to the influence of the wind concentrator, (see chapter 5, figures 5.12 
to 5.14). 
The final piece of work done on the data from the long term runs was a 
data process called 'Binning' (see Akins(1978)). By Binning the power out 
from both the CWT generator and the generator of the control wind turbine 
against the upstream anemometer wind readings, both characteristics can 
be compared to show at what wind speeds the power variation between the 
two machines is significant. (See figure 5.15). 
The final tests were done on just the concentrator, and involved a smoke 
generator and video camera to record the flow visualization process across 
the machine. The smoke generator consisted of a smoke chamber (shown in 
two parts) with a pipe attached to the top part to convey the smoke to the 
required area of the machine without too much air disturbance, a smoke 
pellet, metal gauze to support the pellet and a hoisting pole attached to 
lower part of smoke chamber (See figure 4.26). 
Further flow visualization work was briefly done on the 54 bladed wind 
concentrator at the Goldstein Aeronautical Engineering Research Labora-
tory, of University of Manchester during early October, 1990. Figure 4.21 
indicates the method of flow visualization using cotton line, paper cones 
and tuffs attached to different parts of the concentrator. The use of smoke 
in the tunnel shown in figure 4.22 was not effective in showing off tip vortex 
flow features, due to low smoke density of the smoke producers available 
at Goldstein Laboratory. It was also noticed that the vortices themselves 
were too diffuse to be picked up successfully. 
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4.4 Wind tunnel test work at the Technical 
University of Berlin. 
4.4.1 Design Work. 
These tests were carried out in February 1991 at the Technical University of 
Berlin over one week and proved to be the most important and conclusive 
tests over the entire period of the project. The reason for this is that 
the test facilities at Berlin were designed for wind concentrator research, 
making wind tunnel model construction simple. The other reason for the 
success in that week is the design or the model was more closely in line with 
the stringent assumptions of the theory involved in the computer model. 
(This is discussed in more detail in the next chapter). 
The wind tunnel model was generated from the numerical Biot Savart 
computer model and had the following design specification. 
DESIGN SPECIFICATION FOR TEST lVIODEL. 
r /(V(R - h)) = 0.346 
N = 16 
R/h = 2.92 
y/h = 1.2 
e = 32° (Constant along the blade span). 
Aerofoil Section = Aerofoil section specified for each blade element along 
the a.."{is of the bound vortex or prospective 1/4 chord blade axis of 
the concentrator blade = Go576 
Chapter 3 covers the concentrator blade design method for optimum 
blade twist with constant chord. To simplify manufacturing the author 
chose to vary the chord instead. This meant changing the blade design 
procedure in section 3.4 of chapter 3 to the following 
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liV 
- LW(Y", zp) 
- -
-
Vy + Vz 
1> - ~ -t( IVzl ) 
uan I(V + Vy)1 (4.10) 
a - e-¢ ( 4.11) 
2r cos ¢ ( 4.12) c = I(V + Vy)ICL 
The above relationships were used to find the local chord c by the fol-
lowing procedure 
(A) Calculate Vy , Vz and 1> from the relaxed wake. 
(B) Find a from the specified blade pitch angle e. 
(C) Use figure 4.28 to find local C L from a. (Where a IS outside this 
range, use linear interpolation to find C L ). 
(D) Calculate the local chord from equation 4.12 
Table 4.2 gives the results from this design process and the resultant 
chord distribution can be seen in figure 4.29. In figure 4.27 is shown the 
resultant streamline distribution ofthe concentrator, indicating that at one 
radius downstream would appear to be the best place for the wind turbine. 
This explains why the author chose to perform axial and swirl velocity 
measurements at y/h = 1.2 downstream of the quarter chord position of 
the concentrator blades. A special Pitot-Static adaptor was used for mea-
suring swirl velocity. Obviously measuring flow velocities like this should 
have been done with a Five Tube Pitot Pressure Probe, (see appendix F 
on methodology). The instrument would have taken a very long time to 
calibrate, therefore some sacrifice of accuracy was needed in order to do 
the experiment in the very limited time available. A separate Pitot-Static 
tube was also mounted in the wind tunnel, (not shown in figure 4.29), and 
used to measure wind tunnel air flow speed. 
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Experiments involving a wind turbine with the concentrator were con-
ducted in the way indicated in figures 4.29 and 4.32. The turbine was 
placed at same point downstream of the concentrator as the Pitot-Static 
probe was during the diametrical wake scan, (ie y/ h = 1.2). The axis 
of rotation of the rotor was on the same axis of symmetry as that of the 
concentrator. Different sizes of rotor were tested from 250mm to 320mm 
diameter. Measurement of torque was achieved by applying a rope brake 
to the shaft of the spinning rotor. Measuring shaft speed was achieved by 
flashing a stroboscope on the rotating turbine. With the measurement of 
torque, shaft speed and wind tunnel speed, the wind turbine character-
istic of power coefficient Cop and tip speed ratio T~ could now be partly 
found. (Where the slope of torque over rotational speed becomes positive, 
no further readings could be taken using the rope break system.) 
Photographs shown in figures 4.31 and 4.32 show the extent of the test 
facilities involved to test a wind tunnel CWT model under steady state flow 
conditions. These facilities had previously been built specifically for Ingo 
Rechenberg's Evolutionary Technique experiments. His modelling meth-
ods involved a 'Trial and Error' approach to designing the optimum CWT 
system. (The general principle of his Evolutionary Technique is covered 
in Rechenberg(1989)). What can be seen in front in the Open Jet Wind 
Tunnel is the equipment to allow different blade pitch settings and different 
outside to inside diameter settings for the concentrator arrangement. 
4.4.2 Manufacture of the CWT. 
In figure 4.30 shows how the blades were manufactured for the wind tunnel 
test work at the Technical University of Berlin. A wooden former was made 
out of laminates of block board, each of which had previously been carved 
out to the required blade profile and then glued together. (Alignment of 
each laminate was about an axis through the quarter chord position.) Once 
the wooden former had been made, blades were cut out of a large sheet of 
lead shown on the left in figure 4.30, and then pressed formed by hand over 
the wooden former. It was extremely important that et/ery blade element 
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along the span was formed to the correct profile as shown in figure 4.29 
with the correct distribution of chord along the blades. Manufacturing 
tolerances proved to be within ":"1 0 , (since there was no twist along the 
blade span), and the chord distribution was within ±%1 of the maximum 
chord. All kinks were removed from the lead blades to prevent any flow 
abnormalities occurring over the blade surface. After this holes were drilled 
into the blade to allow it to be mounted on the wind tunnel test rig as shown 
in figure 4.3l. 
The mounting arrangement was crucial so that the correct blade angle 
was achieved relative to the horizon. Surface quality of the lead blades was 
kept in a smooth and polished condition throughout the tests, since the 
information given in figure 4.28 was derived from two dimensional flow test 
conditions with an aerofoil section of smooth and polished surface quality 
used. During the tests no change to the blade element profile was noticed 
which highlights the effectiveness of the lead material. 
In figure 4.32 shows the final arrangement under test with a model 
aeroplane propeller mounted 1.2 internal concentrator radii downstream of 
the quarter chord position of the concentrator blades. No manufacturing 
was involved with the propeller since this was bought locally in Berlin at 
a model aeroplane shop. The propeller was mounted on the rig in the 
reverse way to wha.t it had been designed. This allowed it to operate like 
a very inefficient wind turbine, since the rotor blades had originally been 
optimally designed for propeller duty only, with the rotor operating the 
other way round. This explains why the maximum Cp of the rotor without 
concentrator was only 0.177. 
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Figure 4.24 Field test site with wind concentrator and control wind tur-
bine. 
Figure 4.25 CWT under test with a WG910 wind turbine involved. 
72 
Figure 4 .26 Flow visualization smoke equipment used in the field. 
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Figure 4.27 Theoretical streamline plot across a wind concentrator 
(R j h = 2.92). 
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i Blade Position I 4> (degrees) a (degrees) 
i Inboard 0.0 I 
117.8 i 0.03 I 14.2 
I 
10.08 I 22.3 I 9.7 
I 0.13 i 25.9 I 6.1 
1 0.18 i 28 14 
i 0.24 I 28.8 I 3.2 
i 0.28 I 29 2.99 I 
0.34 I 28.8 3.2 
10.39 28.4 i 3.6 
0.45 27.6 i 4.4 
0.5 1 26 .7 i 5.4 
0.55 I 25.6 I 6.4 
I 0.61 124.4 ! 7.6 
0.66 23 8.9 
0.71 21.1 10.2 
0.76 I 20.5 ll.S 
0.82 19.3 12.7 
0.87 1 18.3 I 13.7 
0.92 16 1 16 I 0.97 \7 1 25 
• = Estimated by linear interpolation. 
Note: B was constant along the span a.t 32°. 
I CL 
! 1.5* 
11.65'" 
i 1.72 
11.75 
I 1.7 
11.69 
1.7 
I 1.73 
1.74 I 
1. 73 
I 1.7 : 
1.69* 
I 1.67'" 
1.65* 
1.63* 
11.61* I 
1.59* 
1.55* : 
1
1
.4'" 
Table 4.2 Example results from the author's blade design model 
applied to the R/h=2.92 case. 
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Figure 4.29 Experimental arrangement for testing author's CWT at 
Berlin. 
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Figure 4.30 Method of manufacture of the lead concentrator blades at the 
Technical University of Bertin. 
Figure 4.31 Equipment to test a CWT wind tunnel model at the Technical 
University of Berlin. 
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Chapter 5 
RESULTS. 
5.1 Early wind tunnel tests. 
The author's experimental wind tunnel results on the concentrator perform-
ance were initially sparse. The experimental data available was based on 
work done by the author at Queen Mary and Westfield College, London and 
the earlier work by Rechenberg(1984). (More compelling evidence of the 
effectiveness of the author's computer model is covered later, in section 5.4, 
based on further wind tunnel work conducted at the Technical University of 
Berlin). In all cases open jet wind tunnels were used. Figure 5.1 give results 
of the diametrical scans over the wake of the concentrator wind tunnel 
model tested at QMW. The turbulent wake effects of the inner structural 
ring show how it had some effect on the inner vortices, but the vortices 
persisted far enough down the wake to prove that inner structural ring had 
no significant effect on the VCF . The initial reaction to the dissappointing 
results was to build instead a full size field test version to over come scale 
effects of the model. Ideally it would have been preferable to have improved 
the model and do more wind tunnel experiments. Fortunately time was 
found to improve the model while initial design studies were in progress. In 
table 5.1, the test data for VCF from two different experiments are compared 
wi th 'farious theoretical approaches at predicting Vc F . Each experimen t 
involved a test model of different design, indicated by N, f/(V(R - h)) 
and R/ h parameters. The position in the wake where the maximum VCF 
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was found is indicated non-dimensionally by y / hand z / h. 
It is noticed that blade element theory over-predicted the performance. 
This is due to the poor prediction of the helical vortex angle /3 in the 
wake, and the assumption that wake is cylindrical. The author's analyti-
cal model using Biot-Savart theory was more successful than Rechenberg's 
model. The assumptions of constant j3 angle along the wake, the wake be-
ing cylindrical and R/ h being smail, all contributed to poor accuracy. The 
Wake Relaxation model, being a purely numerical free wake model, offered 
the best agreement with experimental results for this simple parametric 
study. 
The section 0.2 gives results from a field test machine designed with the 
Wake Relaxation model. 
THEORETICAL VCF 
MODELS 1 I 2 I 
Theory! Experiment I Theory Experiment I 
Blade Element I 
t (Axial Momentum) 1.31 * I I 
Biot-Savart 
( Analytical) 1.013 1.058 1.37 1.94 
Rechenberg I ( Analytical) 1.05 2.64 
Wake Relaxation 
I (Numerical) 1.054 
I 1.92 I 
Note different model tests: 
Column 1; yjh = 0.5, z/h = 0, Rjh = 5., N = 20, rj(V(R - h)) = 0.0469 
{Olivieri} 
Column 2; yjh = 2.0, zjh = 0, Rjh = 5.545, N = 8, rj(V(R - h)) = 0.375 
{Rechenberg} 
• Solution was not possible due to momentum theory breakdown. 
, 
I 
Table 5.1 Comparison of performance predictions from different 
theories with experimental data. 
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Figure 5.1 Results of diametrical wake scan of early Wind Concentrator. 
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5.2 Field test work at Gretton. 
The results of the field tests for the fast monitoring at ten samples a second 
are given in figures 5.2 to 5.11. Figures 5.12 to 5.15 give the results for the 
long term runs taken over several weeks, with each reading taken at one 
minute average. (An explanation of these graphs was given in the previous 
chapter.) 
Figure 5.16 shows the smoke generator working in the field, taken from 
a video run with just the wind concentrator working to provide flow vi-
sualization. The smoke generator seen in figure 5.16 was mounted on top 
of a long pole at the same height of the CWT. The smoke enabled flow 
visualization to reveal not only flow direction and vortices but also flow 
disturbances to a limited extent. 
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Figure 5.2 Spectral density function of VI times Wop against In(wp ) for low 
wind speeds. 
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Figure 5.3 Spectral density function of V2 times Wop against In( wop) for low 
wind speeds. 
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Figure 5.4 Spectral density function of V3 times Wop against In(wop) for low 
wind speeds. 
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Figure 5.5 Spectral density function of VI times Wop against In( wop) for 
high wind speeds. 
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Figure 5.6 Spectral density function of V2 times Wop against In( wl') for 
high wind speeds. 
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Figure 5.8 Spectral density function of Pl times w'P against In( w,,) for low 
wind speeds. 
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Figure 5.9 Spectral density function of P2 times w'P against In(wl') for low 
wind speeds. 
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Figure 5.10 Spectral density function of PI times W'P against In(wp ) for 
high wind speeds. 
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Figure 5.12 Correlation between wind velocity measuring points V2 and 
Vl, both in m/s. 
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Figure 5.13 Correlation between wind velocity measuring points V3 and 
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Figure 5.14 Correlation between power measuring points PI and P2, both 
in watts. 
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Figure 5.16 Smoke equipment working at the field test site indicating 
inboard vortex tip development. 
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5.3 Flow visualization work at University of 
Manchester. 
In chapter 4 figure 4.21 shows the tufts and paper cones used during the 
wind tunnel tests conducted at Goldstein Laboratory of the University of 
Manchester, in October 1990. Smoke equipment was provided but was 
not effective enough in showing up the vortex structure. Fortunately, the 
circular motion of the cones confirmed tip vortices, while the tufts showed 
no boundary layer separation over the blades. Tunnel air speed was between 
om/s and 10m/s during the tests. It was noticed that the inner tip vortices 
were conical with a significantly large semi-vertical angle. Vortices from the 
outer structural ring were not so noticea.ble since it wa.s believed they would 
emerge as a vortex sheet from the trailing edge of the outer structural ring. 
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Figure 5.17 The effect of tip vortex interference on the wake. 
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Figure 5.19 The effect of tip vortex interference on vep. 
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5.4 Wind tunnel test work at the Technical 
University of Berlin 
Figure 5.20 to 5.22 shows the results of the tests conducted at the Technical 
University of Berlin, using the test equipment and wind tunnel model whose 
design was covered in chapter 4. Figure 5.22 gives the results of the runs 
for the most effective rotor size of 255mm diameter. The wake of this 
rotor was smaller than the diameter of the inner concentrator vortex wake, 
(which had shown to be 300mm diameter from theory and test work, (see 
chapter 4, figure 4.29). This allowed the turbine to fully realize the increase 
in kinetic energy available at the core. 
5.5 Discussion of results. 
The very early design of wind concentrator proved to a have insufficient 
blade loading to offer any concentration effect. This is indicated in table 5.1 
in column one and in figure 4.3 of chapter 4. It only served as a test for early 
theory development. Thanks to the results available at this early part of the 
project, shown in table 5.1, the correct course of action was taken in terms 
of improving the modelling. Unfortunately a lack of wind tunnel faciliti,es 
and time prevented the author from fully verifying the Wake Relaxation 
method. One field test was not the best way of achieving this, and only 
at the very end of the project did the appropriate wind tunnel facilities 
become available. 
Figures 5.2 to 5.7 indicate that no improvement was experienced in 
terms of wind turbulence filtering for the 54 bladed CWT design. The 
higher value of standard deviation caused by a higher mean wind speed at 
V2 (see figures 5.3 and 5.6) contributed to a larger area under the curve 
compared to VI. The turbulence intensity, however, was the same between 
V2 and VI. The frequency range at which most of the effect happened 
was around 0.09 Hz. Conditions at the rear of the concentrator were, as 
expected, more turbulent but at a lower mean wind speed. The information 
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given here gives an idea of the life of the turbine, since it is a function of 
frequency response and standard deviation. 
The effect this has on the generator output can be seen in figures 5.8 
to 5.11. The spectra.l density function of power output from the CWT 
indicated as Power 1 or PI is considerably more unsteady in its signal 
compared to the wind variation, but the frequency ra.nge at which most 
of the effect happened was around 0.01 Hz. The cause of this is due to 
the inertia of generator a.nd the rotor combined with the large variation in 
tip speed ratio. The spectral density function of power output from the 
control wind turbine is shown in figures 5.9 and 5.11 as P2 for low and 
high wind cases. The T I for PI and P2 indicate that the power variation 
from the CWT, (PI), and that from the control turbine, (P2), had little 
if any difference. This would indicate that the 54 bladed CWT shows no 
capability to filter power variations. The above results of T I for the wind 
concentrator alone indicates a similar results as well. 
The long term logging at one minute averaging for the data is shown 
in figures 5.12, 5.13, 5.14 and 5.15. From figure 5.12 gives the velocity 
increase along the centre line between upstream VI and concentrator core 
V2, and an increase of 26% was noticed. (The parameter 'LIN' under 
the legend gives the slope of the graph for the linear regression analysis). 
For V3 however the flow velocity was 10% less compared to VI. (S~e 
figure 5.13). Only a 10% improvement in power was noticed when the 
turbine PI was placed at the position of the anemometer V2, which was 
one internal radius downstream of the concentrator, compared to the power 
output of the control turbine P2. Figures 5.12, 5.13 and 5.14 all show good 
linearity. 
Figure 5.16 shows an attempt to assess the flow over the machine. The 
illustration was obtained from video recordings. The figure shows vortex 
tip development in the inboard region of the concentrator blade. It initially 
emerges as a sheet which appears to roll up downstream as the entire vortex 
helically moves away from the concentrator. 
Section 3.3 covers the wind tunnel test work that was briefly done by 
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the author at Goldstein Aeronautical Engineering Research Laboratory. It 
would appear from the flow visualization work that the tip vortices do not 
last beyond one internal radius downstream of the concentrator. The main 
cause of this is that the tip vortices roll up in a conical fashion about 
the centre of vorticity initially, but later interfere with other neighbouring 
vortices. At this point the vortices effectively cancel out causing the wake 
vortices be truncated. (See figure 5.17). From Schlichting et a.[(1979) and 
figure 5.18 the reason why the vortices of low aspect wings are highly conical 
can be deduced. The low aspect ratio of the concentrator blades cause 
vortex shedding along the blade chord which are out of the plane of the 
blade chord, rather than in the plane of the blade chord which is the case 
for high aspect ratio blades. The author also designed the blades with 
elliptic loading rather than rectangular loading since it was felt that an 
elliptic loading was more realistic. The actual loading distribution would 
have been different from that intended, because the blade elements between 
the structural ring and the mid span were different from that previously 
designed. This serious compromise to the original design was necessary to 
give the blade structural support. The Aspect Ratio of the blade was near 
unity which made the use of Lifting Line Theory doubtful. Unfortunately 
this all contributed to poor performance, but it is still unknown how much 
the unsteady aerodynamics of the field contributed to the reduction the 
CWT performance, since no Open Jet Wind Tunnel tests were performed 
on the 54 bladed CWT due to a lack of resources. 
Figure 5.19 shows the effect of wake truncation on VCF . The wake was 
assumed to be 4.75 internal radii long for the concentrator design work. 
At one internal radius downstream, the VCF should have been 2.0. With a 
wake of 75% of the internal radius long, this reduces the VCF to about 1.2 
which is near to the experimental value measured in the field. From the 
wind tunnel tests no serious turbulent activity was notice over the blades 
by observing the tufts. Therefore it can assumed that no serious blade stall 
had taken place during the tests. 
The effect of the rotor on the con1centrator flow field had not been 
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investigated with smoke in the field nor was it tested in the wind tunnel 
at Manchester. (U nfortunately there was insufficient time to any further 
tests). Premature truncation of the wake gave only a 26% improvement 
in the flow at the point where the turbine was to operate. This should 
have given the CWT turbine PI double the output of the control P2 under 
perfect conditions, whereby the concentrator and rotor would have fine 
cylindrical vortices in their wake systems, and the far wake would have had 
little interaction with the concentrator wake near the concentrator disc and 
the rotor wake near the rotor disc. 
Experiments conducted in February 1991 at the Technical University of 
Berlin on a 16 bladed CWT (see figures 5.20 to 5.22), show clear evidence 
of the principle of wind concentration under steady state conditions. The 
ease of model manufacture and the extent of the test facilities available 
allowed the author to design a wind tunnel model which could easily test 
the theory. To build full size such a machine using a WG9I0 for the wind 
turbine would have been a much greater structural design undertaking than 
that earlier tried with the 54 bladed CWT, (see chapter 4, figures 4.16,4.24 
and 4.25). 
The 16 bladed CWT which was tested rigorously at Technical University 
of Berlin had concentrator blades with an Aspect Ratio of 3.2: 1. The blades 
were not twisted but had variable chord instead which proved to be easier t'o 
manufacture accurately. The result was a CWT design more compliant with 
Lifting Line Theory. What was surprising was how close the distribution 
of induced velocity was compared to the theory (see figures 5.20 and 5.21). 
The effect of loss of camber due to flow curvature across the concentrator 
disc appears to have negligible significance in this instance, but as a safe 
guard for future design work the author recommends the use Vortice Lattice 
Methods to model lifting surface effects for very heavily loaded blades. 
Other tests conducted at Berlin were with different sized wind turbines. 
These were tested with and without the concentrator to comparatively show 
up any increase in power. In chapter 4, figure 4.27 gives a theoretical 
streamline plot for the particular 16 bladed wind tunnel model. The slight 
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inner wake contraction of the inner wake downstream of the concentrator 
did not impose too great a problem for the turbines tested. Turbines of 
different sizes were used to explore the possibility having a turbine with a 
swept area larger than the cross sectional area of inner wake. It was finally 
noticed that the best turbine size was 85% of inner vortex wake diameter. If 
the rotor diameter is increased beyond this and approaches that of the inner 
wake the C R starts to decrease significantly. This was a very important 
observation a.nd explains why the field tests on the 54 bladed CWT had a 
C R of near unity. As explained above the inner tip vortices were very conical 
on the 54 bladed concentrator with a significantly large semi-vertical angle, 
while the vortices from the 16 bladed machine properly rolled up into small 
vortex filaments and therefore were more stable and persistent downstream. 
This made the vortices from the 54 bladed concentrator large in diameter 
enough to effect the wind turbine. The turbine became effectively too 
close to the thick inner vortex sheet which meant that the Marlec WG910 
rotor tips were working actually in the region of the inner vortex sheet. 
(See figure 5.23). Therefore it is strongly recommended that correct blade 
loading be used for the concentrator, and that the blade design be of high 
Aspect Ratio with variable chord distribution to ensure that the tip vortices 
form into small vortex filaments. The rotor size must also be sufficient less 
than the diameter of the inner vortex sheet for the rotor to realize the ftill 
power concentration effect at the core. 
It was interesting to notice that the optimum size of rotor gave a Con-
centration Ratio (CR) that was slightly more than that expected theoreti-
cally, based on the cube of the average axial air flow velocity through the 
inner cylindrical vortex sheet for a particular position downstream of the 
concentrator. The CR from the concentrator was shown to be 3.954 from 
the results given in figure 5.22. Therefore the influence of the concentrator 
was to upgrade the rotor (Cp )m4:Z: from 0.177 to 0.7. It may also be noticed 
that the tip speed ratio at runaway conditions, (ie maximum rotational at 
zero power), was increased by the same value of velocity increase through 
the concentrator core. 
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Figure 5.23 Effects of inner tip vortices on the performance of the wind 
turbine. 
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Chapter 6 
CONCLUSIONS. 
The following conclusions can be drawn from this thesis: 
1. The principle of the Concentrator Wind Turbine (CWT) clearly works. 
2. The Wake Relaxation model is capable of designing a concentrator 
with elliptical blade loading very accurately. 
3. The size of the concentrator elliptic blade loading, the size of the 
rotor in relation to the size of the concentrator inner vortex cylindrical 
sheet, the number of concentrator blades and Rj h ratio all have an 
enormous influence on the performance of the CWT. 
4. It would appear from the computer modelling studies that the con-
struction volume for the concentrator blades to achieve the desired 
concentration effect reduces as the blade loading increases, for a spec-
ified number of concentrator blades and Rj h ratio. 
5. The power concentration effect on a wind turbine working at the con-
centrator core equals the cube of the air flow increase at the core, as 
long the rotor diameter does not exceed 85 % of the inner concentrator 
vortex sheet diameter. 
6. A CWT can be designed to yaw in the wind sucessfully as long as the 
tail fin is not in the way of concentrator slipstream. 
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At the moment there is no evidence to show that the CWT can exceed 
the Betz limit based on total frontal area, and that the concentrator can 
filter turbulence at the core flow of the CWT when working in free air con-
ditions. Further research is needed to fully investigate these topics before 
a general conclusion can be made. 
103 
Chapter 7 
FUTURE. 
If further research is to be carried out on the CWT concept the following 
areas will need to be considered to continue what has been achieved so far; 
1. CWT analytical modelling. 
2. CWT numerical wake modelling. 
3. Wind tunnel test work to develop CWT modelling and improve on 
the current method of CWT nacelle mounting on the tower. 
4. Tip Winglets as a possible method of improving concentrator perfor-
mance. 
7.1 CWT Analytical Modelling. 
So far attention has been given to the concentrator itself, but in order for 
the wind turbine to work effectively it must be properly matched with the 
concentrator. This means that a method of modelling the interactive nature 
of both the wind turbine and the concentrator wakes must be used. 
In figures 7.1 and 7.2 the method of modelling is shown. It is noticed 
that the rotor wake is represented in the same way as the concentrator 
was with similar assumptions of constant (3rotor downstream from the rotor 
disc and evaluated at the disc from the contributions of induced swirl and 
axial velocities. Also the wakes are assumed cylindrical for both rotor and 
concentrator. 
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In figure 7.1 the swept annular area generated between the rotor tip 
and hub of the rotating wind turbine can be approximately represented by 
a strip of vorticity, reflected about the XY plane. (This was similarly done 
with the fixed array of concentrator blades in figure 3.2, chapter 3). At P2 
the total influence of both concentrator and wind turbine wake systems is 
considered. In figure 7.2 a similar situation is considered with the cylindri-
cal component of trailing vortices of both concentrator and wind turbine 
wake systems. 
Now to investigate the CWT parametrically the following parameters 
must be specified; r /[(R - h)V], N, R/ h, TR/ h, YR/ h, Band rR. Now 
since the wake will be cylindrical the size of the rotor will be limited by the 
restraint TR/ h ~ l. 
The helical vortex angle for the rotor tip vortices will be {3rotor, and 
vortex sheets 'Yrotor and 'Yr;tor will be governed by the following relationships 
tan {3rotor (VT )rotor + Ts V (7.1) 
(Vy)rotor + Vc 
'Yrotor BrR/(27rTR) tan (3rotor (7.2) 
-Yrotor - BrR /(7rTR) (7.3) 
" 'Yrotor Br R cos (3rotor/(27rTh:u.b) (7.4) 
" (VT )rotor 'Y rotor T hv.b for Thv.b < T < TR -
T 
" 'Y rotor r hv.b for and T = rR - T = Thv.b 
2T 
0 for o < r < rhv.b 
and r > TR (7.5) 
Now (Vy)rotor is the induced velocity due to the wind turbine vortex 
wake, with the induced velocities from the rotor hub vortex sheet neglected, 
and is expressed mathematically as 
(V. ) - -100 'Yf'otOf' sin 811 dy -100 'Yf'otOf' sin 822dy II f'otor - 2 ' 2 ' o 7rTu 0 7rT22 (7.6) 
and would have a solution similar to that given in appendix E. There 
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will also be changes to the concentrator helical vortex angles as well which 
means that equation 3.1 will now become 
VT tan {:3 = ----:-,::-::--7--
U + (VlI )rotor (7.7) 
Both equations 7.1 and 7.7 will need an iterative scheme to solve for /3 
and {:3rotor. In order to achieve this two implicit functions must be formed 
such that 
t a (VT )rotor + T. V - 0 
- an fJrotor - -(VlI )rotor + Vc (7.8) 
VT 
tan/3 - = 0 
u + (VlI )rotor (7.9) 
From this we apply the Newton-Raphson method to solve for /3rotor and 
/3 
[ 
(/3rotor )(m+1) ] = [ (/3rotor )(m) ]_ [8t~_ ~ ]_1 [ i1 ] 
({:3)(m+1) ({:3)(m) 8:r:!or ~ Il (7.10) 
Note the subscripts (m+ 1) and (m) on /3rotor and /3 refer to the (m+ l)th 
and mth iterative trails. 
Once the angle /3 and /3rotor are known an estimation of power extracted 
can be found from the loss of the rate of change of momentum in the core 
flow. To find this we need to modify the expression given in chapter 3, 
equation 3.15 to the form 
(7.11) 
Using equation 7.11 we can find the core velocities at Y = YR and 
Y -+ 00. Therefore the power coefficient Cp can be found from the following 
expreSSlOn 
(7.12) 
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where Vcri and Vcr are Vcrr at the rotor disc and the far stream positions 
respectively. Also Ul and VT are the far wake axial and swirl velocities 
just outside inner concentrator wake. (Equation 7.12 was derived from 
equation A.ll in appendix A 1 ). Further effects with the CWT involving 
the Ejector Effect are discussed in appendix A. 
7.2 CWT Numerical Wake Modelling. 
In this section a numerical modelling approach is considered since this is 
closer to the complex interactive nature of the concentrator and wind tur-
bine wakes. The method of wake relaxation is used except this time it is 
used on both wakes of the wind concentrator and wind turbine simultane-
ously, (see figure 7.3). The free stream velocity relative to the rotor would 
not be axial as with the wind concentrator, but helical since the rotor is 
working with a fixed specified tip speed ratio of T,. The rotor wake for each 
blade would also have to be spread discretely over 27r radians about the axis 
of rotation, to assimilate the difference between the rotating rotor and the 
fixed concentrator. It must remembered that the rotor exacts energy while 
the concentrator does not. In each case Wake Relaxation can only be ap-
plied in a purely steady state situation. Spreading the rotor wake about the 
axis of rotation is an attempt to do this. How successful this method will 
be, can only be confirmed experimentally. Clearly the modelling will need 
to be checked under controlled conditions of steady wind speed and fixed 
rotational speed to enable tuning to be performed on the modelling. The 
'Ejector Effect' can be theoretical simulated by a vortex ring situated at far 
down stream conditions to enable inviscid modelling to be performed more 
convincingly for designs which offer possible power output above Betz, (see 
chapter 2 and appendix A). The strength of the ring vortex will be found 
experimentally over an number of designs. This experimental knowledge 
would be implemented into Wake Relaxation process to aid the conver-
gence process, and allow more 'Post-Betz' designs to be safely investigated 
lThe velocities are calculated with no Ejector Effect ie 6V. = 0 
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without getting spurious results. 
Once both wake systems have been relaxed simultaneously, blade design 
can be performed on both concentrator and rotor systems using the design 
method given in section 4.4.l. 
To design the rotor blades the rotor wake system would be represented 
not by a smeared wake system, but a wake system with the same number 
of tip, root and bound vortices as specified rotor blades. The relaxed wake 
of N concentrator blades however would be represented by spreading them 
discretely over 271" radians about the axis of symmetry. Once this was done 
the usual blade design process would be performed along the bound vortex 
of one of the rotor blades. 
Designing the concentrator blades will involve leaving the relaxed rotor 
wake spread over 27r radians, and the usual blade design process performed 
at the bound vortex of a concentrator blade. This will give an initial idea 
of the chord or twist distribution for the concentrator blades. With this 
initial blade design knowledge, the Wake Relaxation process is repeated 
except the concentrator blades are now represented by a surface distribu-
tion of quadrilateral vortex rings to represent the concentrator blades, (see 
figure 7.4). This would take into account all of the three dimensional flow 
effects experienced by the blades to ensure an appropriate blade design is 
found to meet the specified distribution of circulation. The rotor on the 
other hand may not require Vortex Lattice modelling if the number of ro-
tor blades is small, rotor solidity is low and the working T. is high. This is 
because the effects of rotor swirl would be negligible. Further refinements 
to the method can still be made, by incorporating a 3D-Momentum Inte-
gral Boundary Layer model over the surface quadrilateral vortex rings of 
the concentrator blades and over the rotor blades surfaces if lifting surface 
modelling is used on the rotor aswell. The major disadvantage to this type 
of viscous modelling is large computing time and extra complexity. It could 
prove to be unnecessary if blade stall can be effectively investigated experi-
mentally, and that pre-stall boundary layer effects prove to have little effect 
on the wake. 
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It can be realized from what has been described above that CWT mod-
elling cannot be performed in isolation to experimental work, since experi-
ence is needed to model the viscous mixing and other wake effects properly. 
Chapter 5 examines concentrator modelling, and describes some limited 
test work to check this. CWT modelling needs the development stage in-
volving wind tunnels, and because of this no modelling results have been 
given since insufficient time and resources were available. There were lim-
ited tests done in the field and wind tunnel on different CWT designs, but 
this was more to validate the principle of operation. Hence only qualitative 
analysis on CWT performance is given in this thesis. 
7.3 Wind tunnel test work to develop CWT 
modelling and design. 
The development of the CWT modelling would require a wind tunnel test 
rig to investigate several designs of CWT experimentally. In figure 7.5 
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shows the kind of arrangement required. In chapter 4, figure 4.29 shows 
the kind of arrangement basically required. In figure 7.5 shows the further 
tests that would need to be performed. Unsteady aerodynamics would 
need to be looked at to check for performance limitations. Turbulent air 
of different turbulence intensity T I would be blown over the CWT wind 
tunnel test models. This would be made possible by a wind turbulence 
generator which is shown in figure 7.5, positioned upstream of the wind 
tunnel model. These tests would be of great value since turbulence effects 
on concentrator performance would be difficult to verify in the field and 
very costly to correct. There would also be an opportunity to investigate 
the concentrator's ability to filter out turbulence in the core. This would 
add to the value of the concentrator concept, if this can be proved not only 
to work in the wind tunnel but in the field as well. 
Initially gauze mesh would be used to simulate a working wind turbine 
to alleviate the amount of design and manufacturing involved for each new 
CWT set up. The gauze mesh would later be replaced by a wind turbine 
rotating at a fixed speed. The results from this would check the rotor blade 
design method. Different rotor and concentrator blade designs would be 
investigated under steady state constant Ts conditions. In both cases these 
tests would be designed to influence the progress of the CWT modelling. 
Once sufficient design confidence has been gained in CWT modelling, the 
next step would be to test a CWT under variable T. conditions in the wind 
tunnel. Power and yaw control would have to be investigated as well. The 
wind tunnel model clearly would have to be of fixed design for this type of 
investigation. Hopefully by that time the most efficient and cost effective 
design would known. 
The current method of mounting the concentrator is shown in chapter 4, 
figures 4.16 and 4.25. This arrangement unfortunately suffers the problem 
of high pitching moment at the yaw bearing. Ideally this would be solved by 
having the nacelle along the axis of symmetry upstream of the concentrator 
as shown in figure 7.5. Before such a design can be acceptable without 
adversely affecting concentrator performance, tests will need to be done 
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on aerodynamic 'Tower Shadow'. From these tests different methods of 
reducing the adverse effects of Tower Shadow might be found. 
7.4 Tip Winglets as a method of improving 
CWT performance. 
In chapter 3, equation 3.16 indicates that for a fixed number of blades and 
circulation, Yc/V is roughly proportional R/ h. (This was developed from 
the analytical model based on a purely cylindrical wake with R/ h near 
unity.) If the span could be increased artificially by way of Tip Winglets, 
as shown in figure 7.6, the improvement to power concentration could be 
dramatic without a large increase in construction material. The disad-
vantages of such a system would be very low Reynolds Number for each 
blade which could lead to boundary layer separation problems. This in turn 
would cause significant control problems. Only experimental tests would 
confirm if there is any potential in this idea. Modelling the flow would 
involve surface quadrilateral rings for the blades, the Concentrator Struc-
tural Ring and the Tip Winglets. Laminar flow separation over the Tip 
Winglets could be prevented by causing the boundary layer to become tur-
bulent. Surface dimples like that on a golf ball could be used on the surface 
of Tip Winglets to achieve this. 3D-Momentum Integral Boundary Layer 
modelling could be used to improve the modelling on this but would be 
costly in computing time. How much material for the design and complex-
ity of control, cost of manufacture and its ability to perform in unsteady 
conditions would all need to be considered before implementing it in future 
CWT designs. 
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Appendix A 
HYPOTHESIS OF AN EJECTOR 
EFFECT WITH A CWT. 
Consider the Control Volume shown in figure A.I. To simulate the Ejector 
Effect we will adopt van Holten's approach of a vortex ring. This would 
have large dimensions compared with the wake, and placed sufficiently far 
downstream so that it does not introduce in any direct way additional 
velocities in the turbine disc. If aVe is the additional velocity induced by 
the ring at "infinity", applying Bernoulli's Theory to the flow outside of 
the rotor wake yields the different static pressures pe, Pe and p~ in the far 
wake. 
For region AA BB the static pressure is Pe so that 
1 1 
p + 2PV2 = Pe + 2P(V + OVe)2 
1 
... P - Pe = 2'pove(2V + OVe) (A.1) 
Now at radius r in the annular region BB CC the static pressure is Pe 
so that 
(A.2) 
Now at a point just outside of the inner concentrator wake CC the static 
pressure is Pe = p~ and is assumed constant over the rotor wake at the far 
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wake 
(A.3) 
Applying Newton's 2nd Law to the cylindrical control volume of cross 
sectional area A we get 
d 1'" 1'" ... - pV dv = - [pV(V.n) + pil.jdS dt v 5 
The amount of fluid entering the control volume from the sides would 
be 
and for the final result to be independent of A this volume of air q must 
have an assumed average velocity of V + ~8ve. The axial momentum will 
be, for re = hl/, 
].F - rhp7r(V - (V - 2Vi + 6v + 8ve))(V - Vi + 8v) 
+(R2 - h,2)p7ru(V - (UI + 8ve )) 
+(pV A - rhp7r(V - Vi + 6v) - (il2 - h,2)p7rU)(V - V - 6ve ) 
+p(A8ve - (2Vi - 8v)7rh"2 - (V - ul)7r(R"2 - h"2))(V _ (V + 8~.)) 
l RII +(p - Pe)(A - 7rR"2) + (p - Pe)27rrdr + (p - p~)7rh"2 (A.4) 11./1 
For the rate of change of angular momentum we get 
3.M l RI - 27r puwr3 dr 11.
' 
R/I 
{ 27r PUI WI r3 dr 
Jh,/1 
(A.S) 
The torque iiI and axial force F will be reacted by the tower and foun-
dations. To investigate the forces on the rotor disc and concentrator we 
will evaluate equation A.4 by using equations A.l to A.3, so that 
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Let us consider the axial force acting on the rotor. If we apply Bernoulli's 
Theorem along a streamline from the far upstream to a point immediately 
upstream of the rotor disc, as well as applying it along a streamline running 
from immediately downstream of the rotor disc plane yields the following 
Now 
Drotor = (PI - P2)7I"r h 
P + tPV2 = PI + tp(V - Vi + 6V)2 
p~ + ~p(V - 2Vi + 6v + 6ve )2 = P2 + ~p(V - Vi + 6V)2 
PI - P2 = (p - p~) + !pV2 - !(V - 2Vi + 6v + 6Va)2 
If we applying equation A.3 to equation A.S we get 
1 ( C)2 1 2 h"2 1 (V 2 6' C )2 PI - P2 = "2 P ul + uVe + "2 PW1 - "2 P - Vi + V + uVa 
If the axial force coefficient on the rotor is defined as 
CD Drotar . 
rotor = (1 V2 2) 
'2P 7I"rR 
then 
CD _ (Ul 6Ve)2 (wlhll)2 _ ( _ 2Vi 6"; 6Ve)2 
rotor - V + V + V 1 V + V + V 
Solving for V we get 
(A.7) 
(A.S) 
(A.9) 
(A.IO) 
(A.ll) 
(A.12) 
The maximum value of axial force which can be set up on the rotor oc-
curs when the rotor flow, at entrance to the primary low pressure reservoir, 
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breaks down into a Turbulent Wake State. This 1S derived from equa-
tion A.12 to give 
(A.13) 
Therefore the force on the rotor can exceed unity by virtue of an effective 
turbulent mixing process between the rotor and the annular wakes and the 
annular swirl velocity WI. To exceed the Betz Limit, based on total frontal 
area of the concentrator and the swept area of the rotor, it can only be 
achieved if DVe > O. (This is equivalent to the Tip Vane Wind Turbine). 
Now the axial force on the concentrator will be the difference between total 
and rotor forces. If we multiply equation A.ll by ~pV27!'rh and subtract it 
from equation A.6 we get 
Dcon - ~7!'r~p(V2 - ut) + p7!'rh((V - UI)OVe + ovV - 2ViC% + O~2 + ovove ) 
+27!'rhvi(aV - aVe) + aVevi7!'h"2 + u(V - ul)p7!'(R'2 - h'2) 
7!' 1 1 
+'2POVe(V -ul)(R"2 - h"2) - peaveY + '28v~)7!'RIIl + '2 P(u l - 8v.)'l7!'R"2 
1 ~ 1 
--pV27!'R"2 + p7r r w2r3dr + -7!'w2(h"4 _ h"2r2) 2 1",11 1 2 1 R 
When the turbine is not working Vi = 0, rR = h", 8v = 8v, wlh" IV >'1 
and Ul ~ O. Therefore D con becomes 
if the wake expansion is neglected. The reason for this has been explained 
earlier owing to the constant pressure head across the concentrator disc. 
This sets up an exchange between drag thrust and torque on the concen-
trator blade elements. Therefore Dcon. cannot not be zero without IMI 
and swirl being zero, otherwise the concentrator would be performing work 
which is impossible. 
When the turbine is working the core flow structure will change con-
siderably down stream of the turbine. This means that Vi i= 0, rR < h", 
V > Ul > 0, aVe 1= 0, av < av and Dcon > O. The swirl w1h" will be 
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(A.14) 
less owing to the increase in the diameter of the rotor wake downstream, 
but the angular momentum of the annular flow will be same as before. 
The axial force on the concentrator would not only be due to the balance 
between work done by the drag thrust and torque on the air through the 
concentrator blade elements, but also due to the loss of axial momentum 
causing Vi > 0 in the core flow and the Ejector Effect caused by turbulent 
mixing between the different wakes of the CWT causing 6v. > O. 
The 'Helical Ejector Mixing Effect' has not been experimentally investi-
gated yet, but from van Holten( 1981), van Holten( 1982) and Vermeer( 1985) 
sufficient experimental evidence is available on an Ejector Effect with tip 
vanes and gauze screens. (See figure A.2, (the Cp values shown are only 8% 
more than the gross Cp values which would be based on total frontal swept 
area of the tipvanes and gauze screen tested.)) 
To finish off on the analysis on the CWT the possible Cp that could 
be achieved is considered as follows. In incompressible flow the drop of 
enthalpy equals the drop of total pressure 6.H / p across the turbine so that 
Since there is no discontinuity of velocity in the turbine disc plane b.H is 
equal to the static pressure drop across the turbine. Now from the definition 
of Cp and equation A.10 we get 
Now VcrdV = 1 - vi/V + 6v/V, but for Vi = HI + 8v/V + 8ve/V) 
C Drotor is a maximum so that (Cp)mC':z: is 
(C) = ~( _ 8ve _ 8u 28v)(wfhlll (OVe U. 1 )2) p ma.:z: 2 1 V V + V V2 + V + V (A. IS) 
Unfortunately the above expressions do not allow the reader to easily see 
the beneficial effects of the Ejector Effect on the rotor performance. In order 
to make this possible without delving into complex modelling a number of 
assumptions need to be applied to the above analysis. In equation A.12 
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we have a complex expression. Now if we assume that the concentrator 
wake is truncated and the vortex wake is completely broken up by viscous 
diffusion, such that ov = 0, wt hlf2 = ° and 'Ul = V in the far wake, the 
expression would simplify to 
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screens. 
Source: Vermeer( 1985). 
Vi _ 1 ( , ave) 
---1---1/ 2 I 1/ ( 1 + a;e) 2 _ C Drocor (A.16) 
From the information given in figure A.l, which is based on van Holten's 
Momentum Theory of Concentrator Systems (see van Holten(1981), we can 
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write for the velocity at the rotor disc as 
Vcr 1 Vi av 
V=I-V+V 
Substituting equation A.16 in A.17 we get 
(A.17) 
(A.18) 
The expression for Cp can be rewritten to give the equation for a hy-
perbola for curves of constant Cp of the form 
V CDrotor 
(A.19) 
We can now plot equations A.18 and A.19 graphically as shown in fig-
ure A.3. The arrow indicating increasing diffuser effect is indicative of the 
effect of increasing 5v) while the arrow showing increasing Ejector Effect 
is indicative of the effect of increasing aVe. In figure A.3 shows that very 
high Cps are possible for C Drotar> 1 and VcdV > 1. These are based on 
rotor area only. The effectiveness of concentrator is dependant on the swirl 
imposed on the annular air mass and the ability of the swirl to aid viscous 
mixing in the far wake. Design parameters of the concentrator involve N, 
fj[V(R - h)], and Rjh. To avoid low Cp based on total frontal area of t~e 
CWT for a given Rjh, rj[V(R - h)] and N should be as high as possible. 
(Chapters 2 and 3 outline the limitations to this design philosophy if the 
designer wishes to exceed the Betz Limit.) This would inevitably lead to a 
cascade arrangement of concentrator blades of high camber and high aspect 
ratio to avoid large construction weight and poor yaw capability. Only sim-
ple and very rudimentary tests have been conducted on a particular design 
of concentrator (see section 5). Wind tunnel tests have shown that the 
principle is realizable, and given further development work may show even 
more success once the Ejector Effect can be proven to work with the CWT. 
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Appendix B 
WIND CONCENTRATOR BLADE 
ELEMENT THEORY. 
In chapter 2 the energy equation was considered. The energy equation in 
its most comprehensive form, for a control volume surrounding the concen-
trator, is 
8Q 8Wlc = 8iL 
{J J 1 p :~ dv + QVi& } {J fspifdS - J J 1 p(lfJdv - Wvu - WSHAFT} 
= :t J J 1 p(e + 1~2 + gz)dv + J is p(e + 1~2 + gZ)f.dS. (B.l) 
Since there is no shaft work the total pressure head is constant through 
out the flow field, no change in potential energy of the flow, incompressible 
and irrotational the following terms go to zero: Q, e, Wv,., WSHAFT, QV1.' 
z and (J~q). Equation B.l now becomes as 
-J h pifdS = :tJ J lp'~2dv+ J hpl~2q.d§. (B.2) 
Since the total pressure head H is constant throughout the flow field we 
can write H = p + plf =Constant. This means that equation B.2 now can 
be written as 
- H J Is ifdS = ! J J 1 pl~2 dv. (B.3) 
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The left-hand side of equation B.3 has the term I Is q,dS which rep-
resents the nett increase in volume flow rate across the control volume 
surfaces. Since we are considering a steady state situation, the mass flow 
across the control volume surfaces is constant therefore this term is zero. 
Therefore equation B.2 becomes 
(B.4) 
Equation B.4 can be interpreted as work done by the centrifugal pressure 
difference of the swirl on the control volume in unit time, equals the kinetic 
energy which passes across the surface of the control volume in unit time. 
The application of blade element theory has been based on the assumption 
of negligible wake swirl, regular helical vortices downstream of the disc and 
the number of blades involved being infinite. This is appropriate to lightly 
loaded propellers and wind turbine. This would mean that when there is a 
change in Total Pressure Head H across the rotor, becomes 
WSHAFT - J is pijdS = :t J J 1 P 1~2 dv + J is P 1~2 q,dS (B.5) 
The Betz Law, (see Betz(1919)), is based on an optimum propeller where 
because an optimum propeller has infinite rotational speed. Therefore there 
is no torque experienced on the rotor, and thus no swirl in the wake of the 
rotor. Hence there is no radial pressure gradient in the far wake either. 
since the blade loading for an optimum rotor will be infinitesimal at m-
finitely large rotational speed. Therefore the vortex wake will not increase 
the kinetic energy within the control volume per unit time, because the 
induced vortex wake effects will be infinitesimal. Hence equation B.S ap-
proaches the following condition for the most efficient rotor: 
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I.e. all the shaft work is converted to useful work and conveyed across the 
control volume surface per unit time with no increase in kinetic energy in 
the control volume per unit time. Near these conditions the assumption of 
regular helices for the vortex sheets in the wake can be made not only at 
the far wake but also at the rotor disc as well. Figures B.l and B.2 show 
how the Betz Law can be approximately applied to lightly loaded propellers 
and wind turbines whereby the angle </J* of the substituted vortex sheets 
and local flow angle ¢ can be equal. It is only this condition that allows 
us to find a solution for the flow angle by an iterative technique. (This is 
discussed in more detail by Lerbs(l952)). In figure B.3 the flow diagram of 
a wind concentrator blade element is considered. The concentrator is very 
much unlike a propeller with very high blade loading, high wake swirl and 
zero WSHAFT. Now equation B.4 can be rewritten in terms of the work 
done on the control volume by the axial forces acting on the blades due to 
pressure forces caused by swirl in unit time, and the induced kinetic energy 
flowing across the surface of the control volume causing the loss of pressure 
in unit time. This gives 
r udT = r ~wdTQ JA JA 2 (B.6) 
where the integrals are evaluated over the concentrator disc area A. (Note 
equation B.6 is the. integral of equation 2.1 given in chapter 2). 
The relevance of Blade Element Theory to the wind concentrator rests 
on the assumption of ¢* equalling ¢ in figure B.4. The Betz Law for an 
optimum propeller tells us that the influence of the vortices from a propeller 
blade wake, are of negligible consequence compared to the flow velocities 
relative to the blade element caused by the free stream velocity V and 
rotation speed nr. Now the situation for the wind concentrator shown 
in figure B.3 makes such assumptions irrelevant since the device does not 
rotate and the blades are heavily loaded as well. Figure B.4 describes the 
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Figure B.I Velocity diagram of a propeller blade element. 
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Figure B.2 Velocity diagram of a wind turbine blade element. 
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situation if we apply the Betz Law, allowing </>" to equal </>. (Note that in 
the earlier figures dD was zero). How realistic figure B.4 was, was unknown 
to the author initially. The theory is given in this appendix and the results 
from different wind tunnel tests, to assess the accuracy of the model, are 
covered in chapter 5. 
If we apply the Axial Momentum Theory for the annulus shown in 
figure B.4 we get 
dT dL cos </> + dD sin </> 
- (p271'rdr(V - Fcos</>W))2W cos</>F (B.7) 
where F is the local Prandtl factor for tip loss, given as 
2 ' F = - cos-1[exp( -F)] 
71' 
where 
, N(R-r) F= . 
2Rsin</> 
From Kutta-Joukowski we get for the blade element lift force 
1 
dL = NCL(2pVe~fc)dr 
where CL = 2f j(V c sin </». 
Similarly, for the drag force similarly we get 
From figure B. 4 we get 
W - V cos </> 
VefJ - W tan </> 
Now applying equations B.9 to B.13 to equation B.7 we get 
(B.8) 
(B.9) 
(B.10) 
(B.ll) 
(B.12) 
(B.13) 
1 1 NCL2pVe~fCCOS</> + NCD2PVe~fcsin</> = p471'r cos </>VW(l - Fcos'J </»F 
If we assume zero blade drag then the above becomes 
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CLNc 2 
COS ¢ - COS3 ¢F = -F (1 - cos ¢). 
87T'r 
(B.14) 
As r -- R, F -- 0 assume <p = 7T'/2. It can be seen that CL and Fare 
functions of <p so therefore an iterative process is needed to solve for <p. 
If the local value of r j(V(R - h)) and chord c are known and the value 
of Rj hand N are known as well then following iterative process applies 
(1) Assume an initial flow angle for <p. 
(2) Calculate the local Prandtl factor F. 
(3) Calculate the local CL from equation B.10. 
(4) Solve equation B.14 to find the flow angle <p. If new <p is equal to old 
¢ then stop; otherwise continue. 
(5) Calculate new angle of attack a from the lift characteristics of the 
selected blade aerofoil section (ie CL against a). 
(6) Calculate new blade pitch angle e from the relationship e = ¢> - a 
and return to (2). 
This iterative process is applied to each blade element until the nec~s­
sary blade twist is achieved along the whole span. To predict the vortex 
angles at the inboard and outboard positions, the above process is applied 
at particular blade elements where it is believed the vortex sheet will roll 
up downstream according to the specified blade loading distribution. Once 
these angles are known the analysis covered in appendix D can be applied 
to find the axial velocity Vy • This would enable the reader to find the 
maximum VCR for the particular design using this current method. 
It should be appreciated that the above method is not accurate enough 
to find the induced velocities in the flow field around the concentrator, be-
cause the interdependent effects of the wake have been assumed negligible. 
(See chapters 3 and 5 for more details). 
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Figure B.3 Velocity diagram of a wind concentrator blade element. 
Figure B.4 Velocity diagram of a wind concentrator blade element with 
assumed wake of regular helical vortex sheets. 
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Appendix C 
DERIVATION OF FAR WAKE 
SW"IRL VELOCITY. 
Let us consider the far wake position down stream of a wind concentrator. 
The inner wake is assumed to be a cylindrical vortex sheet, as shown in 
figure C.1, in isolation to the rest of the vortex wake. 
The infinitesimal induced velocity at P is dV due to a small sheet of 
vorticity of strength "( and of length ds. The induced velocity would be as 
follows 
dV = "( ds = "( RdB ( C .1 ) 
27rrl 27rrl 
Now from figure C.1 we apply the Sine and Cosine Rules so that 
rl = JR2 + r2 - 2Rr cos B (C.2) 
and 
Tl r R 
sin B = sm Q! = sin( 7r - B - Q!) (C.3) 
From equation C.1 if we take the vertical and horizontal component of 
dV at P we get the tangential and radial components as well. Since the 
arrangement of vortices is symmetrical about the central axis, the tangential 
and radial components will not change for any angular position about the 
central axis for a particular radial distance from the origin. Therefore these 
components can be expressed mathematically as follows 
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dYz - 'Y R cos( 8 + 0. )d8 
271"Tl 
'Y R sin( 8 + 0. )d8 dV: =-
271"Tl 
-dVfr) 
Figure C.l Details of cylindrical vortex wake. 
(C.4) 
(C.5) 
Let us consider equation C.4 only. We know that cos(9 + 0.) can be 
written as 
cos( 9 + 0.) = cos 9 cos a - sin a sin 9 
Also from the Sine Rule we have 
. T. 8 SIn 0. = - sIn 
Tl 
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Therefore combining both of the above expressions we get 
cos(B + a) 
{cos BV R2 + r2 COS 2 B - 2Rr cos B - r sin2 B} Ir: 
{ cos B( R - r cos B) - r sin 2 B} I ri 
R cos 8 - r 
R2 + r2 - 2Rr cos 8 
Note the positive value of (R - r cos 8) is taken since this ensure that dV 
is of a correct sign for any value of B. Now to find v: we need to integrate 
equation C.4 over 0 to 271" radians. This involves integrals of the form 
and 
J cosBdB a + bcos 8 
J dB a + bcos 8' 
where a = (R2 + r2) and b = -2Rr 
These integrals have solution 
r27r cos BdB = 271" _ [ 2a tan-1{ va2 - b2 tan ~ }]27r (C.6) 
Jo a + b cos B b bva2 - b2 a + b 0 
and 
r27r dB _ [ 2 tan-1 { va2 - b2 tan ~ }]27r 
10 a + b cos B - va2 - b2 a + b 0 (C.7) 
These integrals involve the solution of 8 = tan-1{O} which is many 
valued. Now by inspecting the above integrals over two different regions of 
the wake of r < Rand r > R the following solutions are applicable 
For r < R we get 
r27r cos 8d8 71" 71"( R2 + r2 ) 
10 a + bcos8 = - Rr + Rr(R2 - r2) 
and 
r 7r dB __ 2_71"_ 
10 a + b cos B R2 - r2 
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(C.8) 
(C.9) 
Therefore the total induced velocity Vz at point P for r < R is 
(C.lO) 
For r > R we get 
(2?r cos ede = __ 7r __ 7r(R2 + r2) 
Jo a + bcos e Rr Rr(R2 - r2) (C.lI) 
and 
(2?r __ d-:-e_-::-
Jo a+bcose R2-r2 (C.12) 
This makes the total induced velocity of ~ of point P for r > R now 
V 
__ "YR 
z- (C.13) 
r 
Now let us consider the radial component at P, dV:z:, for r > O. First of 
all let us consider the expansion 
sine e + a) = sin e cos a + sin a cos 8 
and apply this and the Sine Rule to equation C.5 we get 
"Y R {sin e 1 _ ( !:.- )2 sin2 e + cos 8 sin 8( !:.- )} d8 
27rrl rl rl 
_ "Y R2 R sin BdB 
27rr1 
(C.14) 
Therefore total radial component at P will be 
(2?r "Y R2 sin 8d8 
Jo 27r(R2 + r2 - 2Rr cos 8) 
~ In(R2 + r2 - 2Rr cos 8) R [ ]211' 
47rr 0 
o (C.15) 
Therefore there is no radial flow throughout the flow field due to the 
cylindrical vortex sheet. Tangential flow exists only in the region of r > R. 
Now the point where r = R is the point of discontinuity for the function of 
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Vz = f(r). From Fourier Series Analysis we may use Dirichlet condition to 
find Vz at r = R 
lim V
z 
= f(R + 0) + f(R - 0) 
r-+R 2 (C.16) 
where f(R + 0) and f(R - 0) are the right and left hand limits of f(R) 
at r = R, and represent lim~ __ o+ f(R + e) and lime_o+ f(R - e). Therefore 
from equation C.lO and C.l3 we get 
. -'"'( + 0 r 
hm Vz = -
r--R 2 2 
(C.l7) 
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Appendix D 
DERIVATION OF AXIAL WAKE 
VELOCITY. 
Now consider the situation shown in figure D.l. The infinitesimal induced 
velocity dVa. at P consists of the induced velocity dVi from the semi-infinite 
vortex sheet above the XY plane and dV2 which is from the reflection of 
the semi-infinite vortex sheet. 
Now the vortex sheet strength is defined as 
dr 
"Y = dz = Constant 
Total elemental velocity induced at P is 
(D.1) 
Where IdV; I = 2'Ydy which is the infinitesimal induced velocity from the up-
71'r l 
per vortex sheet, and Id~ I = l:;2 which is the infinitesimal induced velocity 
from the reflected vortex sheet which appears to exits below the XY surface 
plane. Also rl = J(h - zo)2 + (yO - y)2 and r2 = J(zo + h)2 + (Yo - y)2. 
The vertical and horizontal components of dV .. are respectively as follows 
dV
z 
= "y cos fJ1dy _ I cos fJ2dy (D.2) 
27rJ(h - zo)2 + (YO - y)2 27rJ(zo + h)2 + (Yo - y)2 
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Where 
and 
z 
COS 8t = (Yo - y) / rl ! 
cos 82 = (Yo - y)/r2! 
y 
sin8t = (h - zO)/rl 
sin82 = (zo + h)/r2 
'"'/ 00 
·~::---1Ct~C; C; <;; ~ 
h 
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,~ 00 
- --'. ' 
Figure D.I Induced velocity due to a semi-infinite vortex sheet. 
The total vertical induced velocity will now be for a sheet of 
length 1 
Let u = Yo - Y du = -dy 
Vz _ 'Y fYO -
I
{ u u}d 
-2."..iyo (h_ ZO)2+U2 - (zo+h)2+ u2 U 
'Y ((h - zo)2 +y~)((1!!7)2 + 1) 
- -In 
2.".. ((~;~r~+1)((zo+h)2+y~) 
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(D.4) 
(D.S) 
y 
Now if the vortex sheets are infinitely long 1 will become infinitely long 
SInce 
r 
:. Vz = -In 27r 
(h - zo)2 + Y5 
(zo + h)2 + Y5 
1. 1 1m = 0 
1-00 (yo - l) 
(D.6) 
Now Vz ~ 0 as Iyol ~ 00 and Vz will approach a maximum at Yo = ° 
as Zo ~ h, but Vz = 0 for Zo = o. You will notice a singularity at (0, h) for 
situation shown in figure D.l. 
For the total horizontal component of induced velocity the following 
applies 
v: - r 11 { (h - zo) (Zo + h) } d y - - + y 27r 0 (h - zo)2 + (Yo - y)2 (zo + h)2 + (Yo - y)2 (D.7) 
Let u = Yo - Y du = -dy 
Vy _ _l [YO-l{ (h - zo) + (zo + h) }dU 
27r JyO (h - ZO)2 + u 2 (zo + h)2 + u 2 
_ l(tan-1(YO-Z)_tan-1( Yo )_tan-1(yo-l)+tan- l ( Yo )) 
27r Zo - h Zo - h zo + h Zo + h 
(D.S) 
Again since Z is infinitely long Vy becomes 
v y l (7r + tan-1 ( Yo ) + tan-I ( Yo )) 27r h - Zo h + Zo (D.9) 
for Zo < h 
when Yo ~-oo 
when Yo ~ 00 
when Yo ~ 0 
which confirms momentum theory for two dimensional flow. 
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Ifzo>h 
Vy = .2.. (tan- t ( Yo ) + tan-t ( yo )) 
27r h - Zo h + Zo (D.10) 
If Zo = hand /Yo I > 0 
11: = 2.. (7r + tan-1 (yo)) 
Y 27r 2 2h (D.ll) 
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Appendix E 
DERIVATION OF LATERAL 
"W"AKE VELOCITY. 
Consider the induced velocity dqp~ from the elemental vortex sheet of area 
dS. (See figure E.l). From Biot Savart we get 
(E.1) 
I.f the sheet is of infinitesimal thickness and Iii = Constant, so that 
f = h' and the position vector rAP~ = (x - X)t + y) + (z - Z)k. Also the 
unit vector 'Ii = 3. Applying this to equation E.1 we can now find the total 
induced velocity at P2' Therefore we get 
_ l' jl/2 [iI. [~y - 3(x - X)]dZdX 
qp~ = 471" -1/2li,. [(x - X)2 + y2 + (z - Zr~J3/:1 (E.2) 
To solve this we need to look separately at each integration involved 
with equation E.2 
fil. ydZ 
ih. [(x - X):I + y2 + (z - Z)2j3/2 
Let u = (z-Z), du = -dZ and P = y2+(X_X):!. Applying the 
above substitutions to the above integral we can now consider the following 
integral and its solution 
J du u :. ~ - = - Constant (u 2 + k2 )3/ 2 k2 y'U 2 + k:l + 
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y 
Figure E.l Details of induced velocity from a small element dS. 
{A ydZ 
.. 1h. [(x - X)2 + y2 + (z - Z)2j3/2 
(z - R)y 
=-----------~~=============-= (y2 + (x - X)2)J(Z - R)2 + y2 + (x - X)2 
(z - h)y 
+ (y2 + (x - X)2)J(z - h)2 + y2 + (x - X)2 
The integral in equation E.2 can now be considered w.r.t dX as follows 
JI/ 2 { (z - R)y 
-1/2 - (y2 + (x _ X)2)J(Z - R)2 + y2 + (x - X)2 
+ (z - h)y }dX 
(y2 + (x - X)2)J(z - h)2 + y2 + (x - X)2 
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Let v = x - X dv = -dX 
By applying the above substitution we can now consider the following in-
tegral 
(E.3) 
(E.4) 
If equation E.4 is substituted into equation E.3 we now get 
1 J (ki + v 2 ) d - J dq 
k? (v 2 + y2) q - (y2 + (k? _ y2)q2) 
1 tan-1{qJ(kUy2 _ 1)} + Constant 
yJ(k? - y2) 
_ 1 tan- 1 (v.j(kt/y)2 - 1) + Constant 
yJ(k? - y2) JV 2 + kr 
Returning to equation E.2 we have finally using the above results 
- tan l' {-l[ (z-R)(x-1/2) ] 
471" yJ(z - R)2 + (x - 1/2)2 + y2 
-tan -1[ (z-R)(x+1/2) ] 
yJ(z - R)2 + (x + l/2)2 + y2 
-tan -l[ (z-h)(x-l/2) ] 
yJ(z - h)2 + (x - l/2)2 + y2 
+ tan -1[ (z-h)(x + 1/2) ]} 
yJ(z - h)2 + (x + l/2)2 + y2 
(E.5) 
As the length of sheet extends to infinity ie 1 -+ 00, equation E.S becomes 
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i { 1 (Z - R) 1 (Z - it)} i.qp:l - 27r - tan- -y- + tan- -y-
(E.6) 
Let us consider the vertical component of qP~. 
Let 
i JI/2 fil. (X - x)dZdX 
47r-1121i.. [(X - X)2 + y2 + (Z - Z)2]3/2 
Vy 
Consider the integration 
j l/2 (X - x)dX 
-1/2 [(X - X)2 + y2 + (Z - Z)2]3/2 
u=x -x du = dX and 
The above integral becomes 
If 
then 
j vdv 
v 3 
j udu (u2 + kt)3/2 . 
u
2 + ki = v 2 
vdv = udu 
1 
- - + Constant 
v 
J1/ 2 (X - x)dX -1/2 ((X - X)2 + y2 + (Z - Z)2)3/2 
_ -{(x - l/2)2 + y2 + (Z _ Z)2}-1/2 
+{(x + l/2)2 +y2 + (Z _ z)2}-1/2 
Finally we have for the integral in equation E.7 
(E.7) 
1ft { -{(x - l/2)2 + y2 + (Z _ z)2} -1/2 + {(x + l/2)2 + y2 + (Z _ Z)2} -1/2 }dZ 
Let u = z - Z du = -dZ 
and k~ = y2 + (x - l/2)2 or y2 + (x + 1/2)2 
149 
With the above substitutions we can now consider the following integral 
with its solution 
J du =lnlu+Ju2+lc~l. jU2 + lc~ 
Therefore the Y component of induced velocity will finally be 
l{ln\ (z - R) + j(z - R)2 + (x _[/2)2 + y21 
471" (z - h) + j(z - h)2 + (x - [/2)2 + y2 
I(Z - R) + j(z - R)2 + (x + l/2)2 + y2 1} -lnl...:.......-~-----"~====== 
(z - h) + J(z - h)2 + (x + l/2)2 + y2 
(E.8) 
If the length I -+ 00 then Vz -+ O. Therefore there are no Y or Z 
components for the induced velocity qp, associated with a vortex strip of 
infinite length, only an X component. 
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Appendix F 
AIR FLO"W MEASUREMENT 
METHODOLOGY FOR WIND 
TUNNEL "wORK. 
This initial research work at Queen Mary and Westfield College (QMWC) 
involved wind tunnel test work on a model wind concentrator, details of 
which are given in chapters 4 and 5. In order to conduct these test properly 
air flow measuring equipment had to be calibrated and later a tunnel scan 
performed without any model present, (see chapter 4 on details of the tunnel 
scan). 
In chapter 4, figure 4.2 shows details of the type of Total Pressure Probe 
used in the wake traverse tests at QMWC. Ideally a five tube probe is the 
most effective means of measuring three dimensional flow. The calibration 
methodology is covered by Bryer etal(1971) for this type of instrument. 
Unfortunately the time allowed to do the wind tunnel work was very limited 
and there would not have been sufficient time to do calibration and wind 
tunnel test work. Therefore a three tube probe was used which could be 
rotated about the Y axis as shown in figure F.1. From Bryer etal the 
methodology used to calibrate the five tube probe is modified slightly for 
the three tube arrangement. 
Po - Pm. 
1/2pltiP (F.l) 
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f( {j) -
where 
P2 - PI = - f ( cp ) 
Po - Pm 
pm = (PI + P2)/2 
(F.2) 
By yawing the instrument in unidirectional flow and measuring the To-
tal Pressures Po, Pl and P2 from the three tubes 0,1 and 2 respectively, 
calibration graphs as shown in figures F.2 and F.3 can be created. Once 
this is done the instrument will be used in such a way that it will not be 
yawed during any test work and only the three pressures po, PI, P2 will need 
to be measured in both the horizontal and vertical planes in order to find 
the 1q12, {j and <po This is achieved by measuring the pressures and then 
rotating the instrument about the Y axis as shown in figure F.1 through 
900 • The pressures are then measured a second time. This allows the three 
tube probe to operate approximately like a five tube probe. 
The next step is to calculate f( {j) and f( cp). This allows both {j and <p 
to be found. If the flow angles are known then the calibration constant Kp 
can be found from figure F.3 which finally enables us to obtain I~. 
From Bryer etal the methodology for a 5 tube probe has shown good 
accuracy for measurements provided {j and cp are limited to ±40°. From 
figures F.2 and F.3 show a similar trend. 
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Figure F.3 Calibration graph to find Kp from known yaw and pitch angles. 
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Appendix G 
DATA LOGGING FOR FIELD 
TEST "wORK. 
G.l Introduction. 
In order to test the Concentrator Wind Turbine in the field the right log-
ging equipment was needed. This meant Dynamic Response Analysis was 
needed to find the Frequency Response of the system in order to determine 
the correct sampling frequency for logging data without the results being 
subject to an erroneous effect called 'Aliasing'. (See N ewland( 1971)). The 
logged data was then used to investigate the Wind Concentrator's abili~y 
to damp out wind turbulence at the core flow. 
G.2 Theoretical response of a wind turbine. 
Figure G.l shows a horizontal axis wind turbine experiencing a change in 
wind speed of 8V from the steady state value Yo. This will immediately 
cause an imbalance between the assumed constant torque load To and the 
varying aerodynamic torque TA . Since TA is a function of the shaft speed 
n and wind speed V the following equation will apply 
aT aT 
TA = To + (ao)oO + (av)8V (G.l) 
This means that the angular acceleration can be expressed as 
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(G.2) 
Combining equations G.! and G.2, we get 
(oT)en (oT)eV = I on + oV a: (G.3) 
The angular speed at any instant can be expressed as follows 
n = no + en (G.4) 
where no is the steady state angular velocity. This means that equation G.3 
can be expressed as a differential equation 
d(on) _ (TO)(en) = Tv (eV) 
dt I I (G.5) 
The turbulence in the air is of a complex nature but can be adequately 
represented as a cyclic forcing function. If we consider a disturbance of 
constant amplitude and of a particular frequency w the free stream air 
velocity will now be written as follows 
v = Vo + SVo sinwt (G.6) 
Equation G.S can be solved by assuming a particular solution for SO of the 
form 
cO H2o sin( wt - cp) 
I m{ eOoei(wt-ct)} (G.7) 
If we substitute equation G.7 into equation G.5 and writing t5V = 
SVo sinwt for equation G.6 we get 
eOolm{(iw - (To ))ei(wt-ct)} = Im{( Tv SVo)eiwt } (G.B) 
I I 
The particular solution to equation G.5 is derived from equations G.7 
and G.8 
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_. 
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Figure G.1 Frequency Response of a Wind Turbine. 
T. 
1.9 
2.1 
2.3 
2.5 
2.7 
2.9 
3.1 
3.3 
3.5 
3.7 
Turbine Details 
N s=6, rR=0.455m 
Hub Radius=O.2m 
CQ 
0.1621 
0.1615 
0.1544 
0.1475 
0.1295 
0.1224 
0.1082 
0.0924 
0.0646 
0.0642 
Assumed Blade Section=Go579 
e = 16° 
Tip loss Model:Pra.ndtl 
f 
no 
t 
Table G.1 Torque Characteristics of the WG910 Wind Turbine. 
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. (, 
Lengths (mm) 
tB 6 
tHUB 50 
tm 30 
rl 28 
r2 77.5 
hH 25 
rH 12.5 
c 79 
lB I 358 
r I 250 
rHUS I 120 
Densities(kg/m3 ) 
Hub PH 1840 
Bla.des Ps 1115 
Ma.gnets Pm 7840 I 
Polar Moment of Inertia (kgm2) 
Field coila 
encaaed in a 
plaatic disc connected 
to the wind shaft. 
Magnets encased 
in the plastic 
bub . 
Hub :::::IPH(rkustHuS - 6rkhH - (r~ - r~)tm)1!'rhus 0.022· 
Bla.des ::::: 6((l1 + c2)/12 + f2)clstsps 0.084 
Ma.gnets ::::: ~Pm1!"t.n(r~ - rt) 0.0131 
Total 0.1191 
Figure G.2 Details of wind turbine rotor inertia. 
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5n I {(Tv / I5Vo)e'c./t} 
m (iw _ (Tn/I)) 
(Tv / I5Vo) sin(wt - ~) (G.9) -
Jw2 + (Tn/ I)2 
q, = l(wI) 
- tan- Tn (G.10) 
From equation G.9 the gain of the system can be written, for a constant 
harmonic output frequency of w, as follows 
as 
5no Tv 
-
5Vo I Jw 2 + (Tn/ I)2 (G.l1) 
If w = 27r f equation G.ll can be written for the frequency of disturbance 
f = ~J(Tv5Vo/( 5noI))2 - (Tn/ I)2 27r (G.12) 
The operating point for the wind turbine is indicated in figure 4.10 of 
chapter 4. The figure shows that the operating point is approximately 
unchanged for different wind velocities, with T. = 3.2 and (Cp ) •• = 0.32. 
Now table G.l enables us to find the partial coefficients of Tv and Tn. 
(G.13) 
To solve d(fcf) we must investigate the definition of Tip speed Ratio 
flo VoT. 
-
rR 
... 8flo VocT. (G.14) 
rR 
Now dCQ :::: cCQ = rRcCQ 
dfl H2o VocT. 
(G. IS} 
If rR = 0.455m and p = 1.225m/s then from table G.1 
cCQ _ 0.455(0.1082 - 0.0924) _ -0.035945 
5flo - Vo(3.1 - 3.3) - Vo 
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Substituting this in equation G.13 we get 
Tn = -0.0143193Vo (G.16) 
As for Tv the following applies 
Tv 
(G.17) 
From table G.l the steady state point for CQ is (CQ) •• = 0.1 at T. = 3.2. 
If we consider the definition of Ts again we can find SVo as follows 
dV TR c5'Vo 
dTs 
-
-00 T2 :::: ST 
, , 
SCQ SCQT; 
-SVo OOTRST, 
If no = ~;. = 7.03Vo then equation G.19 becomes 
SCQ 0.2529354 
SVo = Vo 
.. Tv:::: 0.1803786Vo 
(G.18) 
(G.19) 
(G.20) 
(G.21) 
The Polar Moment of Inertia I for the wind turbine rotor has been 
calculated from the information given in figure G.2 to be I = 0.118kgm". 
In figure G.3 gives the frequency response for wind turbine systems for 
different wind speeds Vo. Note that the gain at zero frequency is the same 
for different wind speeds. The criterion for avoiding' Aliasing' is that the 
sampling rate for measurements in field should be 2.5 times the cut off 
frequency which is shown in figure G.3 as fe. (See Infield(1989) for further 
information). If we define fe to be where the gain has dropped to 10% of the 
gain at zero output frequency, we can then write for SOo using equation G.11 
with w = 0 for (SOo/5Vo) 
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Figure G.3 Frequency Response curves for WG910 at different wind 
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6 
6 
ono oVo (oVo )w=olO 
TvoVo 
10Tn 
(G.22) 
Substituting this into equation G.12 we get for the cut off frequency Ie 
Tn Ie - 1.58361 
- O.2125Vo (G.23) 
Equation G.23 is independent of turbulence intensity 'T I', since the cri-
terion to avoid Aliasing was based on particular signal output amplitude re-
ducing to a fraction of its value at zero output frequency. The highest value 
of velocity that was experienced in the field was Vo = 15m/s. Therefore the 
minimum sampling rate to avoid Aliasing would be 8Hz. The selection of 
logging equipment was mainly dependent on the equipment being able to 
log information fast enough to avoid Aliasing effects. Fortunately the type 
of data logger used in the test work had a maximum sampling rate of 10Hz 
which proved adequate. (The data logger was a 'M1600 Microdata' Data 
Logger). 
G.3 Response of a Anemometer. 
Figure GA gives details of the type of anemometer used in the field tests. In 
the selection of such an instrument one of the factors which was involved in 
the selection process was its ability to respond fast enough. To investigate 
this, Frequency Response Analysis was conducted on the instrument. 
Now for a particular anemometer the effectiveness of the instrument is 
judged by its 'Distance Constant'. It is defined as the length of wind run 
which must pass the anemometer for its output to reach within l/e of its 
final value. Figure G.4 indicates this as a time constant 1'. Now the six cup 
anemometer has a 1m distance constant which means l' would be 
l' = Distance Constant/(Vo + "Vo) 
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N ow for a particular anemometer of time constant T and a gain of k the 
following system equation applies 
(G.24) 
Let us consider the output of the system for a unit impulse. The rota-
tional variation of the system n( t) will have a Fourier Transform of 
n(w) = 1000 n(t)e-iwtdt = H(w) 
From this it will also follow that 
(G.25) 
(G.26) 
If we take the Fourier Transform of both sides in equation G.24 and 
apply the identities from equations G.25 and G.26 as well, observing the 
fact that the Fourier Transform for a unit impulse of wind V(t) = a(t) is 
unity, we get 
k H(w) = --;=== J1 + (TW)2 (G.27) 
The definition of the cut off frequency fe is such that H(w) = kilO. The 
maximum operating frequency of the instrument must be greater than that 
of the data logger sampling frequency for the instrument to be effective. 
Therefore the instrument fe from equation G.27 will be 
fe = 9.95 = 9.95(Vo + aV) 
T 
(G.28) 
Comparing this with equation G.23 the instrument was clearly suitable 
for field test work. 
G.4 Time Series Analysis on field data. 
The two previous sections dealt with the necessary investigation on the wind 
turbine and the anemometer Frequency Response in order to record data 
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(Sees) 
Figure GA Details of Anemometer used in field tests. 
ANEMOMETER DETAILS . 
Type:A100E (Vector Instruments) . 
Speed range: 0-26m/ s 
Distance Constant: 1m ± 15% 
(fa.st response 6 cup rotor ,R60) 
Signal output: Pulse or analogue. 
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properly when sampling data in the field. In this section a brief description 
will be made of the methods used to process the data . 
. Air turbulence which was significant to the wind turbine was determined 
by the inertial characteristics of the rotor and therefore precluded the influ-
ence of higher turbulence effects. The main purpose of the these tests was 
to see if the vortex wake of the concentrator would not only effectively filter 
out higher frequency turbulence but also cause the rotor system to operate 
more smoothly due to the inertial effects of the vortex tip development. To 
investigate this the turbulence intensity T I was calculated from the simple 
relationship 
0" 
TI= = V (G.29) 
where V is mean wind speed while 0" represents standard derivation. 
Equation G .29 was also used for power production as well except V W8.S 
replaced by mean power. In equation 4.8 of chapter 4 the definition of 
Power Spectral Density is given. This allows us to see how the variance is 
generated over a frequency spectrum. The frequency spectrum is discrete in 
that Wp = 2-rrp/n and p = 1, ... n/2. The reason for this is that in a Times 
Series of n observations it is not possible to distinguish more than n/2 
independent sinusoidal components. Therefore the maximum frequency 
that can be detected from data sampled at time spacing ~(seconds) would 
be 1/2~ Hz. This is Known as the Nyquist frequency and was set at 
5Hz for all the field test work. In chapter 5, figures 5.2 to 5.11 give the 
results of Times Series Analysis conducted on the CWT. The area under 
these graphs represents the variance in each case. The data processing 
to produce these graphs was achieved by a NAG routine called G 13CBF I 
which uses a trapezium frequency (Daniell) window to achieve Spectral 
Smoothing during the Univariate Time Series Analysis. 
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Appendix H 
PUBLISHED PAPERS. 
Papers reprinted from the following; 
• Design and Testing of a Concentrator Wind Turbine. 
Wind Energy Conversion 1990. 
Proceedings of the 12th BWEA Wind Energy Conference. 
• Design and Testing of a Concentrator Wind Turbine. 
Wind Engineering. Volume 14 No.5 1990. 
166 
Design and testing of a concentrator wind 
turbine 
D A OLIVIERI, D SHARPE, G A BOYLE and D A TAYLOR 
EERU, Open University, UK 
SYNOPSIS Early attempts to assess the potential of the Concentrator Wind Turbine (CWT) were dacribed 
in references 1 to 2, neither of which gave a full assessment. This paper re-examin_ the CWT uaine &II 
analytical and numerical approach. This is later compared with experimental data from refereDce 3 &lid 
tests done at queen Mary and Westfield College. (The project is currently at a interim Itace.) 
NOTATION. 
c -Local chord of concentrator blade. 
CD =Local drag coefficient of concentrator blade. 
C,. .. Coefficient of periorm&nce. 
CII. .. Concentrator ratio. 
E =L08I of energy of system. 
El =Total pressure head. dOll'J1ltream of the concentra-
tor blade •. 
Eo =Total pressure head upstream of the concentrator 
blades. 
h. =lnner radiUl of concentrator. 
k zInner radiUl of concentrator wake. 
N =Number of blades of the concentrator. 
P =Power of the wind turbine. 
p =Preuure increment aeroa concentrator. 
V, -Induced 'I'clocity vector at point P2 due to infinite 
vortex strip. representing bound 'I'ortices. 
q =Reat transfer. 
r =Radial distance from &XiII oC symmetry of concentra-
tor. 
R =Outside radiUl of the concentrator. 
R =Outside radius of the COl1centrator wake. 
S =Suriace &rea of vortex .heets. 
t =Unit time. 
T =Drag thrUit on concentr&tor blades. 
Tq =Torque 011. concentr&tor blades. 
1& =Anal 'I'clocity aero .. concentrator blades. 
til =AJdal far w&lte velocity betweell. outside and inboard 
trailing vortices. 
V =Free stream velocity. 
V. =Total induced velocity from semi-infuUte sheets rep-
resenting the cylindrical component of the trailing 'I'or. 
tices. 
Vi, V2 =Respective upper and lower contributiou of in. 
duced 'I'e!ocity a.bout the X Y plane coutituting V •. 
Vc =Flow velocity through the core. 
v.. =Resulta.nt ftow velocity through the blades. 
V'%' =Ta.ngential1l.0w velocity downstream of the 
blades. V. =Tangential1l.ow 'I'elocity due to bound 'I'or. 
tices only. 
V,. =X component of induced velocity {Po' 
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Vy =Anal component of induced 'I'elocity V •. 
W .Work tranaw. 
:I, J, .r .Spacial coordinat .. of point oC induced 'I'elocity 
relati'fe to X, Y, Z &XIII. 
X, Yo Z .. Spacial coordiDat .. of &IIy point 0. i.bi'e 
'I'ortex ItriPI r,pr_tin, the bound VOrUCeI relah"e \.0 
X, Y,Z axel. 
w -An,ular 'I'elocity oC wake !low in radiau. 
p -Air d,naily. 
r ... Voriex circulatioll Itren,th. 
7,7", t .. Vortex diltributioll. oC circulatioll. Itrelll'" pet 
unit lenltA of the 'I'onu: sheet, for cylinclrical compo.e.t 
of trailing 'fortica, axial compollent oC trailin& 'I'OrUCeI 
&Ad bound 'fomc .. r .. pecti"ely. 
{1t,{1t .. Inboard &Ad outboard helical 'for\u: aql ... 
{1 = Helical vortex a.nsie. 
; =Ansular dilplacement about &XiI of lyllUDetry b .. 
tween two adjacent blade Ipan axel. 
1 INTRODUCTION. 
A major conatraint in conventioll&l wind turbine d .. 
sign is the reduction ill rotational,lpnd u the lin 
of the rotor is inereued. Thil meana 8Xpenal.,. 
gearboxes are unavoidable. The rotor alIo become 
considerably more complicated in. daipl &lid beavy 
u the lise iDereu_ to miti,ate workine Itreaa. 
Flow concentraton have beeD puraued iD &II attempt 
to alleviate th ... problema, but th .. lIIu&11y lncw 
the expel1le of high ItructWal weicht. &lid Iii •. (Rel. 
erence 4) .The Helical Vortex Wind Concentrator 
is .. ~nt a.ddition to the list. of 80w concentrator 
types. Itl full potential is u yet unknown. 
The CWT conaista of a Helical Vortex Wind Con· 
centrator &Dd a wind turbine. The Wind COllcen· 
trator is &D &Dllular disc of Itationary,raciial,aerofoll 
sectioned blades which entrain the wiDd, tbroueb 
the orifice formed by the Iwroundin, blades, oow 
the wind turbiDe dOWDItream, whoa diameter is no 
larger th&D that of the orifice. The vortex aheddiDc 
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from the inboard tips of the stationary blades causes 
the entrainment effect to take place. (See figure 1). 
It is the main aim of this research project to pre-
dict the performance of the CWT by wake analysis 
only. With this method of analysis the CWT can be 
designed from a specified blade circulation distribu-
tion, number of blades, R/h. ratio and blade. 
2 CONCENTRATOR THEORY. 
2.1 ENERGY AND MOMENTUM. 
The balance of energy of a Helical Vortex Wind Con-
centrator is considered most conveniently by assum-
ing the concentrator to be stationary in a stream of 
air of velocity V directed along its axis. Consider-
ing only the blade elements at distance r from the 
axia, the power put into the concentrator is zero. 
The drag thrust dT operates on air moving with the 
axial velocity u and does the work -u ~ in unit 
time. Similarly the torque dTq operates on air mov-
ing with the &ngular velocity !w &nd does the work 
tw ~ in unit time. Hence if ~ is the rate of loss of 
energy of the system, the energy equation becomes 
since there has been no heat transfer Q or work 
transfer W. Now the rate of energy lojs is due to the 
profile drag of N blade elements, each experiencing 
the resultant velocity v;. due to the induced veloc-
ity from the local blade circulation and free stream 
velocity V, is as follows 
dE 1 3 
- = -NcpV. CD dr 2 r (2) 
Where CD and c are the local drag coefficient and 
chord respectively. 
The energy of the air is represented by ita total pres-
sure head which is constant across the concentrator 
if CD is small. Azl the air passes through the concen-
trator disc it reduces in pressure by p by virtue of an 
increase in angular velocity w without any change in 
axial and radial components of velocity, and hence 
the increase of total pressure head is 
Hl - Ho = -1' + !pw2r2 = 0 (3) 
2 
P = !pw2r2 (4) 
2 
This effect on the air is due to an energy exchange 
process between the drag thrust and the torque 
(-udT + twdTQ) on a volume of air 2"l1"rudr. Hence 
274 
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But the element of drag thrust is clearly equal to the 
decrease of preuure over the annulus, or 
dT 2 ' 
- = "lI"rl' dr (15) 
and the element of torque it equal to the angular 
momentum imparted to the air in unit time, or 
(1) 
These two expressions are consistent with the pre-
vious equation for energy, lince the constant total 
pressure head is due to the exchange between draa 
thrust and torque of blade elements respect.ively. 
2.2 BLADE ELBMBNT THEORY. 
Applying Blade Element Theory at first lilht learns 
the obvious approach but in fact this proved to be an 
inadequate method for determininl vortex wake lit-
ometry. The Blade Element Theory waa developed 
on the assumption of negligible wake .wid and trail-
ing vortex effects, this is clearly Dot t.he c ... With 
the concentrator. (Note that" < (V + "iJ/2 • ... 
figure 1). The trailing vortices coming oft' each blade 
element would constitut.e & roll up int.o two discre\e 
vortices of equal and oPPolite strength. The accu-
racy of the helical vortex angles of the two diacre\e 
vortices, {shown as (31 and (32), and their pOlition 
in space is of great importance for determiniDI the 
increase in flow velocity through the core. (See fig-
ure 1). 
2.3 BlOT SA-VA-RT THBORY. 
The problema encountered in lubsection 2.2 indi-
cated a need for a method which took into account 
the interdependent nature of the wake. Biot Savart 
Theory if applied to a free wake .co.eme would IOlve 
this problem. Thil iI covered numerically in MC:-
tion 3. 
An analytical approach will be adopted involvinl. 
semi-prescribed cylindrical wake, the initial problem 
being the determination of anlles PI and 111. Fil-
ures 2 and 3 .how the method of analysis. The 80w it 
auumed to be inviacid and incompreuible Uaroulh-
out. Each blade with ita wake it repraented .. a 
horse shoe vortex of rectangular bl.de circulat.ion 
loading, equivalent to the preacribed elliptic loading. 
(The span of each blade being (R - h) Ion,). 
Figure 2 represent. the fixed concentrator blades u a 
&nnular bound vortex sheet, while the rolled up di.-
crete trailing vortices are shown 81 cylindrical vortex 
sheets of radii fa. and R respectively. By consider-
ing points P2 and PI at radial di.tance r just ahead 
of and just behind the dilc, the Iymmetry of tbe 
bound vortex sheet will induce no axial velocity at 
these points. Therefore the axial velocity u through 
the disc remains the same. Now if the bound vor-
tex sheet induces an angular velocity Vt at Pl. by 
symmetry it must induce an angular velocity - Vt at 
Pl. Therefore the total induced angular velocity can 
be written as ~ VT + Vt at Pl and ~ VT - Vt at Pl' 
But P l is in the irrotational How field and therefore ! VT - Vt = O. This means that the total angular ve-
locity induced at Pi by both bound and free vortices 
is VT = 2Vt. This value of VT will remain conatant 
downstream for a constant radial distance r. 
Now from figure 3 it is assumed that (31 = (3l. The 
annular vortex sheet can be simplified into two paral-
lel vortex strips of infinite length redected about the 
I,y plane. For the trailing vortices, only the cylin-
drical component is considered. This is finally sim-
plified into two semi-infinite sheets reHected about 
the I, y plane. The strength of each of the three 
vortex sheets are derived from the following 
VT tan(3 = - (8) 
'U 
Now 1= 4(I'~ft~) :: r sin/3/(27rh. cos (3/N) 
. . I = !!J: tan(3 (9)' 2 ... h 
Also i = ~ :: Nr /(27r( ¥)) 
And 
'_ NI' 
l- ... (lHh) 
"I' = !!J: cos f3 2 ... h 
(10) 
(11) 
The outer vortex sheet strength is of Ih./ R since a 
constant helical vortex angle f3 is assumed for the 
both the cylindrical vortex sheets down the wake. 
From pre.vioua reasoning, the tangential velocity dis-
tribution 
aeross the annular area of the wake would be the 
same at any axial position downstream of the blades. 
For far wake conditions at P3 (see figure 2), we get 
the following from, Biot Savart Law for the tangen-
tial induced velocity (it can also be shown from Biot 
Savart Law that the radial induced velocity is zero) 
= r2 ... {Illh. cOB(8 + al) 
Jo 2?!'1'1 
(I" h./ R)R cos(8 + Q2)}d8 
2?!'r2 
Now from figure 2 we see that 
r1 = J h;l + ,,2 - 2ft,. cos 8 
r2 = J R2 + r2 - 2R1' cos 8 
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(12) 
Using the above equations to lOIn equation 12 we 
get the following results 
11th. 
VT =- for h.<r<1t r 
VT =0 for 0<"<,, 
and r> It (13) 
From equation 13 it can be Hen that the equation 
is that for free vortex flow between " < r < It if 
1" is constant downstream for both yortG crUD-
drical sheets. We also notice that the core flow is 
irrotational. This would seem a reuonable result, 
since the How through the core doa Dot experieoce 
any angular momentum from blada or &Dy other de-
vice. (The experiment&! raults in sec:tion 4, bued 
on the test work done at Queen Mary Colle", by ~h. 
author, confinlll thi8 conclUlion). 
Now figure 3 is a simplification of flcure 2 . It' we 
first consider the induced veloeity at P2 from both 
infinitely long striPI, which are of equal &Dd oppo-
site strength 7, the total induced veloci~y will be 
qp,. Points A and B are &10 leparate points OD each 
strip. The position vector connectin, poinu A. ~ P2 
is ~reued as rAP,. Similarly for points B ~ P, we 
have rsp,. Also at each point A and B, the unit DOf-
mals are the lame and equal to A over &D elemental 
surface area of dS. Conaidering tbe situation at P2 
in figure 3 and applying Biot Savart Law we ,et the 
following 
= 
= 
7 100 {It [iy - ;(= - X)]ciXtlZ 
4?!' -00 1;., [(% - Z)2 + (= - X)2 + y21 t 
i 100 I-It [iy - ;(= - X)JeiXtlZ 
- 'I?!' -00 -4 [(.& - Z)2 + (ill - X)2 + v2lt 
If we solve the above integral we flod ~bat the Y 
component is lero, wbile tbe X component will equal 
V= so that 
Vz= 2:{-tan-lC~R) +tan":IC;k)} 
-2: {- tan- l C: R) + tan- l C; k)} (101) 
Now the induced velocity also at Fa (x,)"J) from the 
semi-infinite sheets shown in figure 3 is ",ain derived 
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from Biot Savart Law. The total elemental induced 
velocity at P2 shown in figure 3 will be 
Now consider only the Y component' of induced ve-
locity dVa and integrating we get 
Vy = 100 (1' sin 81 _ "Yh.IR.S~S·l)dY J 0 2?rr1 2?rr1 
_ roo (1' sin 82 _ "Yh.IR.S~8~)dY 
J 0 2?1"r2 2?rr, 
= l{?r + - tan- 1 (.2,.) + tan- 1 (.2,.)} 
2?r Z - h z + h 
"Yh { -1 ( Y) -1 ( Y )} 
---. ?r - tan --. + tan --. 
kR z-R z+R 
for Izl < h. 
= i?r {- tan- 1 C ~ h.) + tan-1 C! h.)} 
-~{?r-tan-1(~) +tan-1(~)} 
2wR z-R z+R 
(15) 
for h. < Izl < R. (16) 
The reason for not including in the above the influ-
ence of the mal component of the helical trailing , 
vortices is to simplify the analysis by use of the pre-
vious reasoning, involving the significant relation-
ship between VT and Vi. The induced velocity from 
the bouJid vortices will be equal to the contribu-
tion from the axial component of the helical trailing 
vortices at the concentrator disc face. (This con-
tribution would steadily increase to twice this value 
at far wake conditions, hence maintaining the con-
stancy of VT downstream of the concentrator a.t a. 
constant radial distance r for cylindrical wake con-
ditions). Therefore from previous reasoning it would 
be reasonable to assume for values of Rlh near unity 
that 
Vi ::: V:l: 
Also u = V - Vy 
(17) 
(18) 
Equations 17 and 18 now enable a relatively simple 
analysis to be conducted. By applying the results of 
equations 8 to 10, 14 and 16 for y = E and z = h., 
where f is a very small positive value, we get the 
following 
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which can be solved quadratically to give 
= l;an- 1 (1- )1 - (Nr/V)'/(2fr2R(R + h))) 
(J N(r/V)/(2frR) 
(20) 
Thi. is valid for inviacid theory with auumed infinite 
wake as as 
Now from equation 15 we have the expreaioll Cor the 
axial increase in velocity through the core for 1"1 < I. 
and Y - 00 of the form 
(21 ) 
Therefore the velocity through the core becomes 
(22) 
Ike denne the concentration ratio Cit as the kiDetic 
energy of flow at the core to tbe kinetic enerl)' of 80w 
at far upstream conditiolll throush a Itream tube of 
radiua b we get 
(23) 
Therefore the potential power that could be extracted 
from tbe core can be interpreted as 
(24) 
When a wind turbine iI placed in the way of the 80w, 
there will obviously be a wake interaction betwleD 
tbe wind turbine wake and cOllcentrator wakes. The 
effect of thi. on Va will pouibly lead to • reduc-
tion in power P. Unfortunately thiI C&IlIlot be ... 
seased analytically because of the interactive Ilature 
of both concentrator and wind turbine wakes. Uein& 
a numerical model should IOlve thil problem. (A DU-
merical model is currently beinS cOlllidered Cor the 
future and i. qualitatively dilcuaeed in SectioD 5). 
Now from reference 1 the upper limit of the COil-
centration Ratio Cit = (R/h)2. Thil it ill liDe with 
Betl Theory since & concentrator and wind turbine 
would ideally be equivalent to a larler wind turbine 
of radiua R. 
There is alao another performance parameter that 
haa been used in reference 2 called 'Velocity Con-
centration Factor' or VcP' This is defined mathe-
matically V. 
Vcp = V 
3 NUMERICAL WAKE MODELLING. 
The method by which wake modelling can be achieved 
is by a method called 'Wake Relaxation'. 
Figure 4 highlights the method involved. An elliptic 
loading is specified for each blade which is simplified 
into an equivalent rectangular loading. (The core 
radius of each vortex filament is of one percent of 
the concentrator span). The wake of one blade is 
considered with the effect of other blade wakes. The 
other blade wakes are represented by transferring 
the current blade wake geometry of one blade about 
the Y axia, by a particular angle equivalent to the 
angular position of each blade, relative to the one 
blade and wake considered. (This is indicated loS 
if> in figure 4). Also the length of trailing vortex 
wake involved in each relaxation process groWl at 
a rate of one vortex filament element length after 
each successful relaxation. (Each relaxation procen 
involves the entire current length of wake). This 
allows for ease of convergence in the next stage of 
relaxation. (See figure 4 ). The procedure for wake 
relaxation is given in reference 5. The final result of 
this method is a three dimensional wake developed 
from the influence of the axial free stream velocity 
and the interdependent nature of each trailing vortex 
element in the wake. 
To design the concentrator blades, the local resul-
tant Bow velocity v;. is found along the bound vortex 
line of one bla.de with the infiuence of the now entire 
relaxed wake. By adding on the two dimensional an-
gle of incidence necesaary to meet the specified local 
value of r, the blade twist can be finally be found. 
4 RESULTS 
Experimental results on the concentrator performance 
are unfortunately sparse at this point in time, since 
this is an interim report. The experimental data that 
is available is baaed on work done by the author a.t 
queen Mary College, London and the earlier work 
by Rechenberg (reference 3). In both cases open jet 
windtunnela were used. In table 1, the test data 
for Vep from two different experiments are com-
pared with va.rious theoretical approa.ches at predict-
ing VcP. Each experiment involved a test model of 
different design, indicated by N, r I(V(R - 11» pa-
rameters. (r I(V(R - 11)) is a non-dimensional scal-
ing factor which represents the required mid-blade 
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circulation, divided by the free .tream velocity and 
blade span). The pOlition in the wake where the 
maximum Vc, wu found is indicated non-
dimensionally by ylh. and 1:111.. 
THEO RIES &i: Ve, 
EXPERIMENT 1 2 
Blade Element 
(Axial Momentum) 1.31 • 
Biot-Savart 
(Analytical) 1.013 1.83 
Rechenberg 
(Analytical) 1.05 2.84 
Wake Relaxation 
(Numerical) 1.054 1.92 
Experimental 1.058 1.94 
Note: viII. = 0.5,1:111. - 0, N ,. lO, r/(V(R - h» • 
0.0469 (column 1) {Olivieri} 
ylh. = 2.0, &/11, ,. 0, N _ 8, r/(V(R - h.» • 0..775 
(col= l) {R.echenber,} 
• Solution wu not pouible due to momentum &heory 
bre&i:down. 
Table 1: Comparison of difi'erent theori •• with 
experimental data. 
Figure 5 gives a diametrical plot of .wirl and ra-
dial Bow vectors aero.. the core flow area, calcu-
lated from the result. derived from the testa dOD. 
at queen Mary College. The unUlua! ."irl at the 
boundary of the orifice it due to the inboard tip vor-
tices. 
Figures 6 and 7 are derived from equatiolUl 20 to 23. 
The Betz limit line is derived from what wu earlier 
stated in relation to the limit of Cit from reference 3 
which is 
Cit ~ (Rlh)2 
for an infinite wake. Thia coincidea with the limitinl 
condition of equation 20. 
Figures 8 and 9 show the resulta from the inviacid nu-
merical model for infulite and truncated" "aka. Sil-
nificant wake truncation is required above the Bet. 
limit line. In thit region solutions become pro,m-
sively more difficult, ca.uaing leu wake to be avail-
a.ble. It should be remembered that then ,raphl 
show only potential concentration of kinetic energy 
a.t the core without a. wind turbine in place. 
5 CONCENTRATOR-WIND TURBINE 
MODELLING 
The method of modelling the interactive nature of 
both the wind turbine and concentrator "akes will 
be similar to the method mentioned in IeCtion 3 and 
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is currently under development. The only difference 
will be in the wind turbine wake.:. Instead of having 
an axial free stream velocity involved in the relax-
ation process it will have a helical free stream ve-
locity, due to the rotation of the rotor blades. Also 
each rotor wake system will need to be smeared over 
2"11" radians about the axis of rotation. This should 
assimilate the difference between fixed and rotating 
wakes systems. 
The optimum wind turbine will be represented by a 
scheme of horse shoe vortices for each blade. Trailing 
root vortices will be aligned with the axis of rotation 
while the tip vortices will be allowed to freely relax 
into the required geometry as the wake relaxation 
procesa proceeds. The core radius of each vortex 
filament of the rotor wake will be as specified in ref-
erence 6. 
6 CONCLUSIONS. 
The results given in table 1 show encouraging agree-
ment between the experimental values and those ob-
tained by use of the numerical model. The Biot 
Savart analytical model slightly underestimates the 
performance. This indicates the importance of free 
wake modelling. Rechenberg's model appears to have 
little agreement with the experimental results espe-
cially at higher blade loading conditions. 
The streamlines shown in figure 10 show evidence 
of strong cross flow forces on the core flow stream 
tube. (This was derived from the numerical model 
for N = 54, R/h = 1.66 and r/(V(R- h» = 0.314). 
The How conditions near the core would be equiva-
lent to that indicated in reference 7 as a 'Diffuser-
Type Augmentation' procen under no-load condi-
tions. (The length of wake possible was limited to 
one and a half outside diameters for this partiCUlar 
design). 
The high C RS shown in figures 8 and 9 will defi-
nitely need experimental verification. To exceed the 
Bets Limit an 'Ejector-Type Augmentation' process 
would need to be evident down stream of the con-
centrator and wind turbine. (See reference 7). This 
effect has been noticed by van Holten using 'Tipvane' 
blades and a screen to represent a working turbine, 
under open jet wind tunnel conditions. (See refer-
ence 8). From the theory of ejectors given in ref-
erence 9, showB that better energy transfer between 
two streams is achieved when mixing is done at lower 
than ambient pressure because of lower energy dis-
sipation. The concentrator core flow is clearly be-
low ambient pressure making conditions favourable. 
ThiB effect has yet to be fully realized on the par-
ticula.r type of concentrator being investigated here. 
The current method of modelling used by the au-
thor is based on an inviBcid assumption involving 
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just the concentrator. The further modellinl out-
lined in the previous section may give lea optimistic 
reBults and will .till involve an inviscid uaumption. 
Further research into the aupentation proceu will 
require experimental investigation. I 
1 FUTURE WORK. 
Future work will loon involve a field test on a fifty 
four bladed concentrator, (R/h = 1.8 and r /(V(R-
h)) = 0.314 design), and a Marlec WG910 wind cen-
erator. It is hoped that this desip will live a maz-
imum VCT = 2. 
Further computer modelling, alonl the lina outlined 
in section 5, will be investigated lOon after comple-
tion of the first phase of field teste. 
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Design and Testing of a 
Concentrator Wind Turbine 
D.A. Olivieri 
EERU. Open Universily. U.K 
ABSTRACT 
Early anemprs to QSSGS the poleIIrial of the Concentralor Wind Turbine (CW]) were des-
cribed by Rosenbrock (1983) and Hunteret al (19M). neither of which gave afull assessment. 
This paper re-examines the CWT using an analytical and numerical approach. Theorerical 
predicriol'lS are compared with eA:perimenral data from Rechenberg (1984) and with tests 
dime at Queen Mary and Westfield College. Marlec Engineering Ltd and Goldstein 
Laborazory. University of Manchester. 
Notation 
Q 
Local chord of concentrator blade 
Local drag coefficient of concentrator blade for single blade 20 flow 
Local lift coefficient of the concentrator blade for single blade 2D flow 
Coefficient of performance 
Concentrator ratio 
Loss of energy of system 
Total pressure head downstream of the concentrator blades 
Total pressure head upstream of the concentrator blades 
Inner radius of concentrator 
Inner radius of concentrator wake 
Number of blades of the concentrator 
Power of the wind rurbine 
Pressure increment across concentrator 
Induced velocity vector at point P2 due to intinite vortex strips representing 
bound vortices 
Heat transfer 
radial distance from axis of symmetry of concentrator 
Position vector of a node in the vortex wake structure relative to the origin for 
the nth iteration 
Outside radius of the concentrator 
Outside radius of the concentrator wake 
Surface area of vortex sheets 
Unit time 
Drag thrust on concentrator blades 
Torque on concentrator blades 
Axial velocity across concentrator blades 
Axial far wake velocity between outside and inboard trailing vonices 
Free stream velocity 
Total induced velocity from semi-infinite sheets representing the cylindrical 
component of the trailing vortices 
Respective upper and lower contributions of induced velocity about the XY 
plane constiruting Va 
Flow velocity through the core 
Resultant flow velocity through the blades 
Tangential flow velocity downstream of the blades 
Tangential !low velocity due to bound vortices only 
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Vz 
VerT 
W 
W 
x..Y,Z 
yp,zp 
x.Y.z 
ylb 
CiJ 
p 
f 
fo 
y;(,y' 
<II 
e 
n 
X·component of induced velocity QP2 for the analytical model and the total X 
component of induced velocity for the numerical model 
Axial component of induced velocity Va for the analytical model and the 
total Y component of induced velocity for the numerical model 
Total Z component of induced velocity for the numerical model 
The effective 20 flow velocity over the local blade element 
Local vector sum of all 2D induced velocities w in the y,z plane at yp' ~ 
Work transfer 
Spatial coordinates of point of induced velocity relative to X. Y. Z axes 
20 coordinates of the bound vortex 
Spatial coordinates of any point on intlnite vortex strips representing the 
bound vortices relative to X. Y. Z axes 
Ratio of axial distance from the origin to internal radius 
Angular velocity of wake flow in radians/s 
Air density 
Vortex circulation strength 
Maximum vortex circulation strength for the circulation over blade span 
Vortex distribution of circulation strength per unit length of the vortex sheet. 
for cylindrical component of trailing vortices. axial component of trailing 
vortices and bound vortices respectively 
Inboard and outboard helical vortex angles 
Helical vortex angle 
Angular displacement about axis of symmetry between two adjacent blade 
span axes 
Local flow angle along the blade 
Local blade twist angle between the chord line and a plane through the 
Yaxis 
Adjustment vector for a node in the vortex wake strUcture for the 
(n+ Ith)' iteration ' 
Rotational speed of the wind turbine 
INTRODUCTION 
A major constraint in conventional wind turbine design is the reduction in rotational 
speed as the size of the rotor is increased. This means expensive gearboxes are 
unavoidable for electrical generation. The rotor also becomes considerably more 
complicated in design and heavier as the size increases, to mitigate working 
stresses. 
Flow concentrators have been investigated in an attempt to alleviate these pro-
blems. but these usually incur the expense of high strUctural weight and size, (Dick 
(1986». The Helical Vortex Wind Concentrator is a recent addition to the list of flow 
concentrator types. Its full potential is as yet unknown. 
The CWT consists of a Helical Vortex Wind Concentrator and a wind turbine. The 
wind concentrator is an annular disc of stationary, radial. aeroloil sectioned blades 
which entrain the wind, through the orifice formed by the surrounding blades, onto 
the wind turbine downstream. whose diameter is no larger than that of the orifice. The 
vortex shedding from the inboard tips of the stationary blades causes the entrainment 
effect to take place. (See Figure la). The main aim of the research reported here is to 
predict the performance of the CWT by wake analysis only. With this method of 
analysis the cwr can be designed from a specified blade circulation distribution. 
number of blades. Rlh ratio and blade span. 
2. CONCENTRATOR THEORY 
2.1 Energy and Momentum 
The balance of energy of a Helical Vortex Wind Concentrator is considered most con-
veniently b¥ ~s~mi~~.CO!!c~~l!!l~r to be s~tionary in a stream of air of velocity V 
directed along its axis. Considering only the blade elements at distance r from the 
a.'tis. the power put into the concentrator is zero. The drag thrust dT operates on air 
moving with the axial velocityu and does the work -u dT/drin unit time. Similarly the 
torque dT Q operates on air moving with the angular velocity IIlCiJ and does the work IIlw 
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dT <idr in unit time. Hence if dE/dris the rate onoss of energy of the system. the energy 
equation becomes 
dQ 
dt 
--
v 
• 
dW cIT 
dt -u-dr 
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Figure I. Ideal aerodynamics of the cwr. 
since there has been no heat transfer Q or work transfer W. Now the rate of energy loss 
due to the profile drag ofN blade elemenrs. each experiencing the resultant velocity V r 
due to the induced velocity from the local blade circulation and free stream velocity V. 
is as follows 
(2) 
where Co and c are the local drag coellicient and chord respectively. 
The energy of the air is represented by irs total pressure head which is constant 
across the concentrator if C 0 is smail. As the air passes through the concentator disc it 
reduces in pressure by p' by virtue of an increase in angular velocity (i) without any 
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change in axial and radial components of velocity, and hence the increase of total pre-
ssure head is 
HI - flo ~ -p' + \-lpw2~ -0 
... p': \-lpw2~ 
(3) 
(4) 
This effect on the air is due to an energy exchange process between the drag thrust and 
the torque (-udT + IOOxiT~ on a volume of air 2rrrudr. Hence 
dT A dTQ ' , 
- u dr + \-l1J) dr = 2rrru( -p' + \-lpw.r-) = 0 (5) 
But the element of drag thrust is clearly equal to the decrease of pressure over the 
annulus. or 
dT 
dr '"' 21Trp' (6) 
and the element of torque is equal to the angular momentum imparted to the air in 
unit time. or 
dTQ ' 
- = 2npUCllr dr 
(7) 
These two expressions are consistent with the previous equation for energy. since the 
constant total pressure head is due to the exchange between drag thrust and torque of 
blade elements respectively. 
2.2 Blade Element Theory 
Applying Blade Element Theory at first sight seems the obvious approach but in fact 
this proved to be an inadequate method for detennining vortex wake geometry. The 
Blade Element Theory was developed on the assumption of negligible wake swirl and 
trailing vortex effects. this is clearly not the case with the concentrator. (Note that 
u>(V+u l )/2. see Figure lb). The trailing 'Vortices coming off each blade element 
would constitute a roll up into two discrete vortices of equal and opposite strength. The 
accuracy of the helical vortex angles of the two discrete vortices, (shown as ~I and ~::). 
and their position in space is of great importance for detennining the increase in !low 
velocity through the core. (See Figure lb). 
Figure :!. Concentrator with semi-prescribed cylindrical wake. 
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2.3 Biot Sayan Theory 
The problems described in subsection 2.2 indicated a need for a method which took 
into account the inter-dependent nature of the wake. Biot Savan Theory if applied to a 
free wake scheme would solve this problem. In section 3 this approach is 
investigated numerically. 
In this section. an analytical approach will be adopted. involving a semi-
prescribed cylindrical wake. the initial problem being the determination of angles ~1 
and ~. Figures 2 and 3 show the method of analysis. The flow is assumed to be inviscid 
and incompressible throughout Each blade with its wake is represented as a hor-
seshoe vortex of rectangular blade circulation loading, equivalent to the prescribed 
elliptic loading. (The span of each blade being (R-h) long). 
Figure 2 represents the fIXed concentrator blades as an anJ;lular bound vortex 
sheet while the rolled up discrete trailing vortices are shown as cylindrical vortex 
sheets of radii h' and R' respectively. By considering points P2 and PI at radial dis-
tance r just ahead of and just behind the disc. the symmetry of the bound vortex sheet 
will induce no axial velocity at these points. Therefore the axial velocity u through the 
disc remains the same. Now if the bound vortex sheet induces an angular velocity VI at 
PI' by symmetry it must induce an angular velocity - VI at P2. Therefore the total 
induced angular velocity can be written as 'h V T + Vt at PI and 'h V T - VI at P 2' But P 2 is 
in the irrotational flow field and therefore 'hVT - VI '"' O. This means that the total 
angular velocity induced at PI by both bound and free vortices is V T '"' 2VI • This value 
of VT will remain constant downstream for a constant radial distance r. 
Now from Figure 3 it is assumed that ~l = Pz. The annular vortex sheet can be sim-
plified into two parallel vortex strips of infinite length reflected about the z. y plane. 
For the trailing vortices. only the cylindrical component is considered. This is finally 
simplified into two semi-infinite sheets reflected about the z. y plane. The strength of 
each of the three vortex sheets is derived from the lollowing 
VT tan~ = - (8) 
u 
Now y = d(fsin~)/dl := fsinM2nh' cos~/N) 
y = Nf/(2nh')tan~ (9) 
Also 
y' .. df/dI' := Nf/(2n«R'+h')/2» 
y' = Nf/(n(R' + h'» (10)' 
And 
y' = NfcosM2nh') (11) 
The outer vortex sheet strength is of yh' /R' since a constant helical vortex angle ~ is 
assumed for both the cylindrical vortex sheets down the wake. 
From previous reasoning, the tangential velocity distribution across the annular 
area of the wake would be the same at any axial position downstream of the blades. 
For far wake conditions at P 3 (see Figure 2), we get the following from the Biot Savart 
Law for the tangential induced velocity (it can also be shown from the Biot Savart Law 
that the radial induced velocity is zero) 
J {Y"h'cOS(S+a) (Y"h'/R')R'cos(S+a.,)} VT ,", - - dS o 2m1 2nr2 
Now from Figure 2 we see that 
rl - lh'! + ~ - 2h'r cosS 
r~ .. jR,2 + r - 2R'r cose 
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Simplified concentrator wake. 
Using the above equations to solve equation 12 we get the following results 
'(h' 
V = - for h' <r<R' T r 
for 
and 
O<r<h' 
r>R' (13) 
From equation 13 it can be seen that the equation is that for free 1I0rtex now bet-
ween h' < r< R' if"( is constant downstream for both vortex cylindrical sheets. We also 
notice that the core flow is irrotational. This would seem a reasonabe result. since the 
tlow through the core does not experience any angular momentum from blades or any 
other device. (The experimental results in section 4. based on the test work done at 
Queen Mary College by the author. contirm this conclusion). 
Now Figure 3 is a simplification of Figure 2. If we first consider the induced 
velocity at P; from both infinitely long strips. which are of equal and opposite strength 
y'. the total induced velo\,"ity will be q;; Points A and B are at separate points on each 
strip. The position vector connecting points A to P z is expressed as ~ Similarly 
lor points B to P z we have t8P~' Also at each point A and B. the unit no~als are the 
same and equal to n over an elemental surface area of dS. Considering the situation at 
P~ in Figure 3 and applying the Biot Savart Law we get the following 
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1 J (dI\( -1»t\~ 
+- _3 ciS 
4n IIQp21 
y' fao fR' [iy - j(x - X))dX dZ 
4;; _<2) h' I(z - Z)! + (x - X)1 + 1)3/2 
y' fao f- R' [Iy - j(x - X))dX dZ 
4n -ao -b' [(z - zi' + (X - X)2 + 11'72 ' 
If we solve the above integral we find that the Y component is zero. while the X 
component will equal Vx so that 
l' { (z - R') Vx = - - tan- l ---
2n Y , (
z - h')} + tan- I --
Y 
y' { (z + R') I Z + h')} 
- 2n - tan-\-y-- + tan-I\-y- (14) 
Now the induced velocity also at p, (x.y,z) from the semi-inlinite sheets shown in 
Figure 3 is again derived from the Siot Savan Law. The total elemental induced 
velocity at P 2 shown in Figure 3 will be 
(YdY (Yh'/R')dY ) (YdY _ (yh'/R')dy ) dVa = dVl + dV2 = - - , - -2nr! 2m 1 2nr~ lnr', 
Now consider only the Y component of induced velocity dVa and integrating we 
get 
fao (ySine, yh' /R' sine' I) Vy = - ,dy () 2nrl 2nr 1 
fao (ysina, rh' /R' sina' ;) - r;---" - ~,dy o .. nr~ _nr 2 
!.... {n - tan- I (-y_,) + tan-I(-y-,\} 
2n z-h, z+h/ 
yh' { -I ( y) -I( y )} 2nR' n - tan ~ + tan ~
for I zl <h' 
.. !... {n - tan -I (-y-~ + tan -1(_Y_l} 
:n \ z - h') z + h'l 
rh' { -I (-L-\!, -II_Y_)} 
2nR' n - tan \ z _ R' J "t" tan \ z + R' 
for h'<:zl<R' 
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The reason for not including in the above the influence of the axial component of 
the helical trailing vortices is to simplify the analysis by use of the previous reasoning, 
involving the significant relationship between VT and Vt. The induced velocity from 
the bound vortices will be equal to the contribution from the axial component of the 
helical trailing vortices at the concentrator disc face. (This contribution would steadily 
increase to twice this value at far wake conditions. hence maintaining the constancy of 
V T downstream of the concentrator at a constant radial distance r for cylindrical wake 
conditions). Therefore from previous reasoning it would be reasonable to assume for 
values of RIb near unity that 
(17) 
Also 
us V + Vy (1.8) 
Equations 17 and 18 now enable a relatively simple analysis to be conducted. By 
applying the results of equations 8 to 10. 14 and 16 fory .. e andz '" h'. wheree is a very 
small positive value. we get the following 
tan f3 = NfNtanf3 
2n(R'+h')(1 - 4nR') 
(19) 
which can be solved quadratically to give 
-1 (1 - j(NI'N)2/(2i!R'(R'+h'») 
f3 .. tan N(rN)/(2nR') (20) 
This is valid for inviscid theory with assumed infinite wake as 
Now from equation 15 we have the expression for the axial increase in velocity 
through the core for I z I <h' and y - 00 of the form 
Vy .. Y - yh'/R' (21) 
Therefore the velocity through the core becomes 
Vc .. V + y - yh'/R' (22) 
By substituting equations 9 and 20 in to equation 22 and dividing by V we get 
Vc ( " ) (J lNfN)2) V '" 1 + R /h - 1 1 - 1 - ~R'(R' +h') (23) 
If we define the concentration ratio eRas the kinetic ratio of the energy of flow at the 
core to the kinetic energy of flow at far upstream conditions through a stream tube of 
radius h we get 
1/2nph'2V~ 
1/2pnh!V3 
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Therefore the potential power that could be extracted from the core can be 
intef1)reted as 
(25) 
Wben a wind rurbine is placed in the way of the flow. there will obviously be a wake 
interaction berween the wind rurbine wake and concentrator wakes. The effect of this 
on Yo will possibly lead to a reduction in power P. Unforrunately this cannot be 
assessed analytically because of the interactive narure of both concentrator and wind 
turbine wakes. Using a numerical model should solve this problem. Now from Rosen-
brock (1983) the upper limit of the Concentration Ratio CR = (Rlh);, This is in line 
with Betz Theory since a concentrator and wind turbine would ideally be equivalent to 
a larger wind turbine of radius R. 
There is also another performance parameter that has been used by Hunter er al 
(1988) called Velocity Concentration Factor' or Y CF' This is detined math-
ematically 
3. NUMERICAL WAKE MODELLING 
The method by which wake modelling can be achieved is called 'Wake 
Relaxation'. 
Figure 4 highlights the approach involved. An elliptic loading is specilied for each 
blade which is simplified into an equivalent rectangular loading, (The core radius of 
each vortex filament is one percent of the concentrator span). The wake of one blade is 
considered with the effect of other blade wakes. The other blade wakes are represented 
by transfering the current blade wake geometry of one blade about the Y axis. by a par-
ticular angle equivalent to the angular position of each blade. relative to the one blade 
and wake considered. (This is indicated as III in Figure 4), The procedure for wake 
relaxation is shown in Figure 4 and is as follows: 
1. Induced velocities are calculated at mid-points Bl and B2 from all the dements 
in the wake. 
2. The wake is then adjusted at each node Cl and C:! with the adjustable vectors 
~(l) and ~(2). (Note that the number in brackets refers to column number and 
not iteration number). 
3. This is repeated across each row oi nodes from E to I say. using the same adjust-
ment vectors. 
4. Now new induced velocities are calculated lor the next row of mid points D I 
and D2 and steps 2 to 3 are repeated except that new wake adjustment vectors 
will ripple down from nodes EI and E2 to 11 and 12. 
5, Step 4 will be. repeated lor new starting mid points Fl and F2 up to HI and 
H2 say. 
6. Repeat steps I to 5 until convergence has occurred. 
7, Increase the number of elements wllich can be relaxed beyond nodes I I and I2 
each by one element length with the semi-intinite tilaments attached now at 
nodes Kl and K2. and repeat steps 1 to 6 until the required length of relaxed 
wake has been met. 
The above procedure is based on that given in Hunt (1981), Step 6 usually involves 
no spe(.'ial process for a convergence test if the wake converges quadratil:ally, For the 
kind of wake relaxation work involved with a hl!avily loaded wake structure a much 
better method must be employed. since near thl! solution convergence is very slow, In 
reference 6 a method called 'Aitken Acceleration' otTers a way of ul:celerating tile itera-
tive scheme since even if it does converge. the convergenl:e is in general only linear, 
This means that close to a root say e,. we Ilave 
ISXll+ 11 :: Ig'(E)1I0Xn I 
therefore convergence will be very slow if I g'(e)l is only just less thar. one. To 
accelerate to tile root the foHowing method is used: 
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If Xo is the starting value of the iterative scheme for only one node then 
(a) Calculate XI = 8I.Xo). (i.e. do steps I to 5). and set n=2. 
(b) Calculale xn - g(~_I)' 
(c) Calculate the X component of the adjustment vector for the node and divide this 
by the previous value which will give you some value A.. 
(d) Increase n by I and repeat steps (b) and (c) until successive values of A. seem to be 
settling down to some approximately constant value. 
(el Calculate the new X component for the node 
A. ~ 
Inew - In + I _ A. t~n-l.· it 
where 
St&ge 
(1) 
St&ge _ 
(2) ~ 
Stase 
(3) 
) 
----
£Voce: 
S,... .......... 1 A.I' 
.. --~ "Al"AZ" __ 
.. -- ........ ---
(lo) EQ (JIV4LE!IT 
UCTAlfGtIT..A& 
~OAJ)IIIG 
~lltGOIIIG 
UI.A.X.l.nOH 
11-
--".,.... 
-,.,.,. .. 
".. .. i-~ 
Figure 4. Wake relaxation method. 
(f) Replace xn by :l:new and repeat from step (b) until the req.. c:d accuracy is 
reached. 
The above procedure is also applied to the other components Y and Z for the 
individual node. This process is simultaneously applied to every X. Y.Z coordinate 01 
all the nodes throughout the wake to ensure proper convergence is met. The tinal 
result of this method is a three dimensional wake developed from the int1uence of the 
:ll(ial free stream velocity and the interdependent nature of each trailing vonex ele-
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ment in the wake. 
To design the concentrator blades involves previous knowledge of the characteris 
tics of the chosen aerofoil for single blade 20 flow and what maximum value of C L 
should be tolerated along the span to avoid stall. By using the approximate fluid 
model shown in Figure 5 the following relationships are used to determine the value of 
chord c for the rectangular blade plan form and the local blade twist; 
e 
-I ( IV~ ) 
= tan ~V +)1 
y 
2I' coscp 
I(V + -Vy)IC 
The procedure to find e and c is as follows 
...... (A) Calculate Vyo Vz and ell· (8) Assumes a value for c. 
(26) 
(27) 
(28) 
(29) 
(C) Calculate CL and ifits value is too small return to (8) and consider a larger value 
of c. If not continue. 
(D) Find the value of a from aerofoil characteristic. 
(E) Calculate 9. 
SECTIONAL VIEW AA' aB' 
VELOCITY DIAGRAM 
Figure 5. Concentrator blade design method on a blade elemenL 
4. RESULTS 
Experimental results on the concentrator performance are unfortunately sparse at this 
point in time. The experimental data that is available is based on work done by the 
author at Queen Mary College. London and the earlier work by Rechenberg (1984}). In 
both cases open jet wind tunnels were used. In Table I. the test data for V CF from twO 
different experiments are compared with various theoretical approla-:hes to predicting 
VCF' Each experiment involved a test model of different design. indicatd by NIl 
(V(R-h)) and Rlh parameters. (r/(V(R-h» is a non-dimensional scaling factor 
which represents the required mid-blade -:irculation. divided by the free stre:1m 
velocity and blade span). The position in the wake where the maximum V CF was 
tound is indicated non-dimensionally by ylh and z/h. 
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Table 1. Comparison of performance predictions from dilT~rent th~ori~s with 
experimenlai data 
THEORIES & V::E 
EXPERIMENT I ~ 
Blade Element 
(Axial Momentum) 1.31 • 
BioLSavart 
(Analytical) 1.013 1.54 
Rechenberg 
(Analytical) 1.05 2.64 
Wake Relaxation 
(Numerical) 1.0S4 1.92 
Experimenlai 1.058 1.94 
No~: 
Column I: y/h .. 0.5. zlh = O. RIb .. 5. N .. 20. rN(R-h» .. 0.0469 (Olivieril 
Column 2: Y/b .. :.0. Zlb ~ O. RIb .. 5.545. N .. 8. r/(V(R-h)) .. 0.4775 {Rcchcnbergl 
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Figure 6 . Wake traverse of concentrator (Flow direction only). 
• Solution was not possible due to momentum theory breakdown. 
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Figure 6 gives a diametrical plot of swirl and radial flow vectors across the core 
now area. calculated from the results derived from the tests done at Queen Mary 
College. The unusual swirl at the boundary of the oriflCe is due to the inboard tip 
vortices. 
Figure 7. 
Figure 8. 
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Figure? is derived fro~ equ~tions ~O to 24. Figure 8 as stated was generated from 
the numencal model descnbed 1Q section 3. The Betz limit line is derived from what 
was earlier stated in relation to the limit of CR from Rosenbrock (!983) which is 
for an infinite wake. This coincides with the limiting condition of equation 20. 
Figure 8 show the results from the inviscid numerical model for infinite and trun-
cated wakes. Significant wake truncation is required above the Betz limit line. In this. 
region solutions become progressively more difficull causing less walce to be avail-
able. It should be remembered that these graphs show only the potential concentra-
tion of kinetic energy at the core without a wind rurbine in place. 
Recent test work was conducted on a cwr with the following design characteris-
tics; N '"' 54. R/h '" 1.6. f/(V(R-h» .. 0.314 and with a Marlec WG9\O wind rurbine. 
The test work was conducted at Marlec Engineering's test site at Grenon. 
Northamptonshire. The VCF should have been 2 but only 1.26 was noticed. Later now 
visualization was canducted at Grelton as well to investiguce the problem using smoke 
(see Figure 10). Wake truncation was noticed at a much shoner wake length of y/h :0: 
0.75 rather than the expected value of y/h ::: 5. Later at Goldstein Laboratory of the 
Manches[er University other now visualization techniques were conducted in their 
Avro tunnel with just the concentrator. Figure 11 shows the result of the observations 
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in a sketch tenn. Vortex inference caused the truncation and could have been avoided 
if higher aspect ratio blades with higher camber were to be used instead. This would 
allow the tip vortices to roll up sooner therefore avoiding wake interference. Figure 12 
shows the dIect of premature wake truncation on VCF. 
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Figure 9. Theoretical streamline plot across a wind co ncentrator. 
Figure 10. Smoke equipment working at the field test si te indicating inboard vor-
tex tip development. 
5 CONCLUSIONS 
The results given in Table I show encouraging agreement between the experimental 
values and those obtai ned by use of the nume:rical model. The BiOt Savart analytic:!1 
model significantly underestimates the pe:rformance. This indicates the importance of 
free wake modelling. Rechenberg·s model appearrs to have little agreement with the: 
experimental results especially a t higher blade loading co nditions. 
The streamlines shown in Figure 9 show evidence of strong cross flow forces on the: 
.;ore now stream rube:. (This was derived from the numerical model ro r N = 54. R/h = 
1.66 and f /(V(R - h)) = 0.314). The tlow conditions near the core would be e:quivalent 
to that indicated in van Holten ( 1981) as J ·Diffuser-Type Augmentation · process 
under no-load conditions. (The length of wake possible was limited to y/ h = 4.75 lor 
this particular design). 
The high CRs shown in Figure 8 will detinitely need experimental verification. To 
e.~ceed the Betz Limit a n ·Ejector-Type Augme:ntation · process would nec:d to be e:VI-
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dent downstream of the concentrator and wind turbine. (See van Holten (1981) and 
Figure Ib). This effect has been noticed by van Holten using "Tipvane' blades and a 
screen to represent a working turbine. under open jet wind tunnel conditions. (See van 
Holten (1982». The theory of ejectors given by 8evilaqua (1978), shows that better 
energy transfer between two streams is achieved when mixing is done at lower than 
ambient pressure because of lower energy dissipation. The concentrator core flow is 
clearly below ambient pressure making conditions favourable. This effect has yet to be 
fully realized on the particular type of concentrator being investigated here. The 
current method of modelling used by the author is based on an inviscid assumption 
involving just the concentrator. 
The results from the field tests and wind tunnel flow visualization indicate that 
high aspect ratio blades with higher camber will be required to improve the likelihood 
of a longer vortex wake behind the concentator. This should improve the value ofVCF 
to tht: required value of two. 
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Figure 12. 
The etTect of tip vortex interference on the wake. 
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The eifect of tip vortex interterence on VCF. 
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